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the  cell  performance. 

Favorable  temperature  and  humidity  test  results  reported  here  suggest  that 
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I testing.  Cell  reliability  and  solar  array  packaging  remain  to  be  demonstrated. 

I A GaAs  solar  cell  pilot  production  line  is  also  necessary  to  demonstrate 
production  environment  fabrication  and  performance. 
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FOREWORD 


This  report  was  prepared  by  the  Hughes  Aircraft  Company  Space  and 
Communications  Group,  El  Segundo,  California,  under  Contract  F 336I5- 
76-C-Z121.  The  work  was  administered  under  the  direction  of  Lt.  Stuerke, 
POE-2,  Air  Force  Aero  Propulsion  Laboratory,  under  Program  Element 
62203F,  Project  3145,  Task  314519,  "High  Efficiency  GaAs  Solar  Cell 
Development.  " 

The  period  covered  extends  from  1 August  1976  through  1 July  1978. 
Contributors  include  G.  Wolff  and  G.  Vendura  of  the  Hughes  Aircraft 
Company  Space  and  Communications  Group  and  S.  Kamath,  R,  Knechtli, 

R.  Loo,  and  J.  Ewan  of  the  Hughes  Aircraft  Company  Malibu  Research 
Laboratories.  This  report  was  submitted  by  the  authors  in  January  1979. 
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SECTION  1 


INTRODUCTION 


Solar  r !nUn  rep,°rt  covers  the  w°fk  performed  on  the  High  Efficiency  GaAs 
^ Cel1  Development  program  (August  1976  through  1 July  1978)  The 
objective  of  this  program  was  to  develop  gallium  arsenide  solar  cells  having 

iero  AMoTT  effl^ency  at  25°C  under  single  sun  intensity  air  mass  k 
*ero  (AMO)  illumination.  The  plan  included  fabrication  of  the  epitaxial 
structure  (AlGa)  As-CaAs,  using  the  Hughes  infinite  melt  technique  and 
a demonstration  that  high  efficiency  solar  cells  based  on  this  structure  can 

°f  4 cm 

acteristics  superior  to  those  of  existing  silicon  solar  cells.  Furthermore 
e developed  a theoretical  model  for  (AlGa)  As-GaAs  cells  that  can  be  used 
or  future  improvement  of  space-qualified  cells.  The  fabrication  processes 
duel techntques  used  during  the  program  can  be  directly  scaled  up  fo  pro- 
duction of  mass  quantities  of  GaAs  solar  cells . 

the  1 he  8°ual  °f  apprOX,imately  18  percent  efficiency  was  achieved  during 
the  program;  however,  cells  with  these  efficiencies  possessed  less  than  the 

provided'The^te00  re.SlStfnce-  We  found  that  making  the  junction  shallower 
provided  the  desired  radiation  resistance,  at  the  expense  of  some  efficiency  • 

rhe  iast  part  of  the  program,  therefore,  was  concerned  with  increasing  the  ' 

level  An  X ^,7  keepmg  the  radiation  resistance  at  the  desired 
Cl-  t etflclency  of  17.5  percent  was  achieved  before  the  program  was 
terminated  because  of  funding  constraints. 

Sectmn  II  of  this  report  describes  the  theoretical  model  for  the  GaAs 

calculi  ’ gfVingh  /eaSOnS  f°r  choosing  the  p-on-n  structure  and  providing 
ca  culatmns  for  short  circuit  current,  open  circuit  voltage,  fill  factor  and 

Gals  solarncen.  nHI  PreS6ntS  the  baseline  structure  for  the  (AlGa)As- 

Section  IV  describes  the  approach  used  for  liquid  phase  epitaxy  the 
reasons  for  its  choice,  and  the  experimental  results.  A good  dell  of  silicon 
solar  cell  development  technology  has  been  drawn  on,  minimizing  the 
development  cost  and  time  required  to  achieve  the  targets  of  the  program 


1 


Section  V presents  a detailed  analysis  of  the  characteristics  of  the 
cells  produced  and  a correlation  of  their  performance  with  the  model.  The 
areas  in  which  the  correlation  needed  to  be  improved  are  indicated,  and  the 
parameters  such  as  junction  depth,  carrier  concentration,  etc.,  which  can 
lead  to  improved  performance  of  the  cells  are  discussed.  One  of  the  most 
important  components  is  the  ohmic  contacts  to  the  n and  p layers  of  the  cell 
We  use  Au-Zn  and  Au-Ge-Ni  systems  for  contacting  the  p and  n sides, 
respectively.  Although  limited  to  about  450  to  5 00UC  by  their  metallurgy, 
they  are  simple,  well-tried  systems  that  cover  the  needs  of  the  program. 
The  Ag-Zn,  Ag-Sn  system  and  others  using  refractory  metals  promise  to 
extend  the  performance  limits  of  the  cells  to  higher  temperatures  (600°C). 

Section  VI  discusses  the  radiation  resistance  results  obtained. 
Sections  VII  and  VIII  deal  with  interconnect  problems  and  environmental 
studies  on  the  cell.  These  need  to  be  expanded  to  complete  the  evaluation 
of  the  GaAs  cell  for  long  life  in  space  systems. 

Section  IX  is  a brief  summary  of  the  conclusions  that  can  be  drawn 
from  the  present  data. 


The  basic  structure  of  the  CiaAs  solar  cell  is  a GaAs  p-n  lunction 
covered  by  a window  layer  of  (AlGa)As;  tlie  surface  is  covered  l>y  an  anti- 
reflection coating  and  provided  with  ohmic  electrical  contacts  on  both  sides. 
The  operations  of  the  cell  to  convert  optical  solar  energy  to  electrical 
energy  are  similar  to  those  of  the  silicon  solar  cell.  Since  the  (AlGa)As 
layer  adds  a new  dimension  to  the  structure  that  is  specific  to  the  GaAs 
cell,  this  aspect  needs  special  consideration.  The  model  for  the  cell  was 
developed  from  available  literature  and  from  our  own  data. 

The  p-on-n  structure  was  chosen  for  two  reasons.  First,  since  the 
diffusion  length  of  electrons  in  the  p layer  is  longer  than  that  of  holes  in 
comparably  n-doped  GaAs,  the  response  of  the  cell  is  improved  by  using 
the  p-type  layer  in  the  optically  absorbing  top  region.  Second,  the  inter- 
facial barrier  is  considered  to  be  smaller  for  the  p (AlGa)As  - p GaAs 
(0.1  eV  ) than  for  the  n (AlGa)As  - n GaAs  case  (0.1  eV)  (see  Figure  1). 

Since  these  barriers  act  like  Schottky  barriers  in  series  with  the  solar  cell, 
they  increase  the  series  resistance  of  the  cell  and  adversely  affect  the  fill 
factor.  VV e used  this  basic  approach  to  derive  parameters  for  optimized  cell 
performance  during  the  first  phase  of  the  program  (Section  IV).  The  final 
baseline  structure  is  given  in  Figure  11  (see  Section  111). 

This  section  provides  calculations  for  the  short-circuit  current,  open 
circuit  voltage,  fill  factor,  and  efficiency  of  the  GaAs  solar  cells.  We  set 
up  a computer  program  with  these  factors  to  calculate  (he  cell  performance 
as  a function  of  various  parameters;  the  program  was  updated  as  belter 
values  for  these  parameters  became  available,  and  was  used  to  optimize 
the  cell  design . 

Comparison  of  the  theoretical  model  with  cell  data  (Section  V)  demon- 
strated the  need  for  a more  accurate  determination  of  such  parameters  as 
minority  carrier  lifetimes  and  optical  data  in  the  various  layers  in  the  device 
to  obtain  an  accurate  picture  of  the  operation  of  the  cell.  We  did  obtain  a 
more  accurate  experimental  definition  of  the  junction  quality  factor  n (effect 
of  space  charge  region  recombination)  and  of  the  contribution  of  various 
regions  in  the  cell  to  the  electrical  parameters  (e.g.,  scries  resistance), 
as  noted  in  succeeding  sections  of  this  report. 
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The  computerized  model  was  used  to  correlate  theory  with  experi- 
mentally measured  values,  and  the  findings  were  used  to  vary  growth 
parameters  and  tailor  the  epitaxial  layer  properties  for  improved  device 
performance.  The  success  of  this  approach  is  demonstrated  hy  the  deter- 
mination and  control  of  the  junction  depth  to  minimize  radiation  damage  in 
the  GaAs  cell  (Section  VI). 


1.  SHORT  CIRCUIT  CURREN  T DENSITY  (I  ) 

s c 

This  subsection  computes  the  short  circuit  current  density  of  the 
(AlOa )As-Ga As  solar  cell. 

When  light  of  wavelength  X.  is  incident  on  the  surface  of  a 
semiconductor,  the  generation  rate  of  electron-hole  j>airs  as  a function  ot 
distance  x from  the  surface  is 


G(X,x)  o (X)  F(X)  exp  (-o(X)  x)  [ 1 - R(X)] 


where  o(X)  is  the  absorption  coefficient  of  a material,  T(X)  is  the  number  of 
incident  photons  per  cm1"  per  second,  and  R is  the  traction  reflected  Iron)  the 
surface.  To  calculate  solar  cell  output  one  must  determine  the  number  of 
photo-excited  minority  carriers  that  reach  the  p-n  junction  and  are  collected. 
For  a low  injection  level  condition  the  minority  carrier  continuity  equations 
are 


D ^ + G - & = 0 
P dx2  P rP 


for  holes  in  n-type  material.  Similarly, 


D 
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d"  An 

r 

dx*' 


+ G 
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for  electrons  in  p-type  material,  where  Ap  and  An  are  the  excess  carrier 
densities,  Dp  and  Dn  are  the  diffusion  constants,  and  rp  and  t„  are  tile  hole's 
and  electron  s minority  carrier  lifetime,  respectively. 

The  short  circuit  current  produced  by  the  absorption  of  solar  photons 
of  one  specific  wavelength  is  the  sum  of  the  specific  contributions  from  ill 
layers  of  the  solar  cell  shown  in  Figure  1.  These  contributions  are  given 
below. 


FIGURE  2.  ENERGY  BAND  DIAGRAM  FOR  (AIGa)As  GaAs 
SOLAR  CELL 


• Collection  From  the  (AlGa)As  Window  Layer 

The  minority  carrier  continuity  equation  for  the  photogene  rat  ed 
electrons  in  this  layer  is 


i \ -o  - x . 

D - + o . (1  - R (\))  F e 1 - — - 0 

a . 1 t 

clx  a 


(1) 


where  D is  the  diffusion  constant,  is  the  absorption  coefficient,  and  t 
is  the  electron  lifetime  in  the  p*  (AlGa)As  layer. 

The  boundary  condition  at  the  window  surface  is  determined  by  surface 
recombination  velocity  Sa. 
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and  at  the  interface 


circuit  current  density  contribution  from  the  window  1 


applying  Equation  4,  the  current  dens 


where  L,a  is  the  electron  diffusion  length  in  the  (AlGa 
density  is  that  of  the  electrons  being  injected  into  the 
the  window  layer. 


minority  carrier  continuity  equation  for  electrons  in  the  p-GaAs 


I 

! 


where  Fe  °1  (1  - R(\))  is  the  attenuated  photon  flux  at  wavelength  and 

is  the  absorption  coefficient  in  p-GaAs,  The  boundary  condition  at  the  inter 
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face  on  the  (AlGa)As  window  layer  side  is 
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x = D 


(7) 


and  at  the  junction  edge 


An 


X = D+Xj 
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(8) 


where  D is  the  electron  diffusion  constant  in  p-GaAs  and  S is  the  surface 
recombination  velocity  at  the  interface  between  (AlGa)As  and  GaAs. 

After  solving  for  the  electron  density,  the  short  circuit  current, 
(density  per  unit  wavelength)  at  the  junction  edge  is 
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where  l_n  is  the  electron  diffusion  length  in  p-GaAs. 


• Collection 
l'lie  minority 


D. 
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1 rom  Base  n-G»As  Keg  ion 

continuity  equation  tor  holes  in  the  base  n-GaAs  is 

-o  D -o  (x.  + w ) -a  , (x-D-x  -w  ) 
* a , (1  - K (\))  F e 1 e “ •'  e “ •' 
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where  w = U‘‘0  /qN^)^  ^ is  the  junction  depletion  width  based  on  abrupt 

junction  theory  (see  Junction  Oepth  Measurements  in  Section  V ). 

At  the  junction  edges  the  boundary  condition  is 
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111. 


At  the  back  interlace  the  boundary  condition  is 
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We  assume  turther  that 
enough  so  that 


(the  cell  base  thickness)  has 


values  large 


t '*'*  1 / <*  , and  t s n i, 

“ P 
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1 he  short  circuit  current  density  per  unit  wavelength  collected  t'n 
the  base  is  then  given  by 


-on 

q 1'  (1  ■ H ( \) ) e 0,1.  -o,(x.  + w) 

1,  = — 12  v c J 

b (o,  i + l)  ‘ 


1 1 ') 


where  Lp  is  the  hole  diffusion  length  m n-GaAs. 


(ABLE  1 


REFERENCES  FOR<>(\).  K(\).  AND  »l\)  FOR  CELL  MATERIALS 


Reteiences 

Matetial 

Remai  ks 

n(\) 

k(\) 

o(M 

m„f2 

(blooming  layet  1 

1 

2 

Coining  /i)40  (fused  sjIhm) 

3 

3 

TajOsy 

Thickness  6H4  A 

4 

5 

Adhesive 

XR  63  48B 

6 

G<»An 

7* 

7* 

Gax  A 1 ) » As 

, 

x 0 97 

Eg  1 439  • 1 042x  * 0 488x2 

8 

1 



9‘ . 10” 

"Both  n ami  i>  tyjie  G.iAs  writ?  assumed  tt>  have  the  same  absoiption  coefficient 
"‘Data  weir  obtained  by  using  the  absoi ption  coefficient  v't  GaP,  which  is  qualitatively  sunilai  to  the 
absoiption  edge  ot  GaAs  anti  by  liansposing  insulting  absoiption  ttata  as  a function  ot  energy  onto  the 
dnect  hatulgap  energy  value  Elf  of  GavAI  | yAs 
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• Collection  From  Depletion  Region 

l'he  current  density  generated  in  the  depletion  region  is  given  hy 
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Equation  14  implies  that  the  minority  carrier  transit  time  through  the  deple- 
tion region  is  short  compared  to  the  minority  carrier  lifetime  and  that  the 
recombination  losses  of  minority  carriers  photogenerated  in  this  region  are 
thus  negligible. 


• 1’otal  Short  Circuit  Current  Density 

l’he  total  short  circuit  current  density  lsc  is  found  from  the  sum  of 
short  circuit  current  densities  per  unit  wavelengths  integrated  over  the 
relevant  range  of  wavelengths: 


1 


ll') 


where  lj5,  Ij,,  and  1%V  are  given  by  Equations  9,  1 *,  and  14.  (The  contribution 
1 1 y from  the  (AlCa)As  window  layer  is  included  in  the  expression  for  1 , given 
by  Equation  9.)  The  incident  photon  flux  F(\)  included  in  the  above  equations 
is  obtained  from  the  AMO  solar  irradiance  curve  for  sunlight  outside  the 
earth's  atmosphere*  * (see  1\  etc  fences ).  The  values  of  the  absorption  coeffi- 
cient o(M  used  in  Equations  9,  14,  14,  and  14  were  obtained  from  the  docu- 
ments referenced  in  Table  1.  Some  references  give  the  imaginary  part  k(\) 
of  the  index  of  refraction  in  lieu  of  the  absorption  coefficient  o (\).  The 
relationship  between  the  two  iso(\)  4nk(\)/\. 

The  calculations  of  R(\),  which  also  appears  in  Equations  9,  l >,  and 
14,  were  performed  for  the  configuration  shown  in  Figure  The  values 
for  the  index  of  refraction  n(\)  in  these  calculations  were  also  obtained  from 
the  references  of  Table  1. 

The,  following  paragraphs  and  Figures  4 through  9 show  the  variation 
of  I8C  calculated  with  Equation  IS  as  a function  of  a number  of  critical 
pa  ramctc  r s . 
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Diffusion  Length 


Figure  4 shows  lsc  as  a function  of  the  electron  diffusion  length  for 
three  values  of  the  junction  depth:  xj  = 0.2  pm,  1 pm,  and  2 pm.  A hole 
diffusion  length  Lp  = 2.0  pm  is  used'in  this  calculation.  The  figure  shows 
that  for  shallow  junction  (x,  - 0.2  pm),  the  Isc  is  independent  of  the  electron 
diffusion  length;  for  a deep  junction  solar  cell,  the  Isc  is  drastically  reduced 
as  the  electron  diffusion  length  decreases. 


electron  diffusion  length  il„>.  micrometers 


FIGURE  4.  SHORT  CIRCUIT  CURRENT  DENSITY 
VERSUS  ELECTRON  DIFFUSION  LENGTH  IN  POSITIVE 
G»As LAYER 
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SHORT  CIRCUIT  CURRENT  DENSITY.  Ml LLI AMPE RES/CENTIMETE R 


Figure  5 shows  Isc  as  a function  of  the  hole  diffusion  length  in  the 
n-GaAs  layer  for  three  values  of  junction  depth  (x  ] - (1,2  pm,  0.  5 pm,  and 
l pm)  with  Lp  and  Ln  2 Lp,  respectively.  Comparison  of  Figures  ‘hi 

aiid  5b  again  indicates  that  for  the  deep  junction  solar  cell,  Irtc  is  greatly 
reduced  when  the  hole  diffusion  length  is  shortened.  This  observation  is 
important  where  resistance  to  radiation  damage  is  concerned.  Because 
radiation  damage  leads  to  shorter  diffusion  lengths,  the  above  results  indi- 
cate the  merits  of  relatively  shallow  junction  depths  (typically  x.  5 0.5  pm). 
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HOLE  DIFFUSION  LENGTH  (Lp).  MICROMETERS 


HOLE  DIFFUSION  LENGTH  (Ln).  MICROMETERS 


FIGURE  5.  SHORT  CIRCUIT  CURRENT  DENSITY  VERSUS  HOLE  DIFFUSION  LENGTH 


JUNCTION  DEPTH,  MICROMI  TERS 


FIGURE  6.  SHORT  CIRCUIT  CURRENT  DENSITY 
VERSUS  JUNCTION  DEPTH 


WINDOW  LAYER  THICKNESS.  MICROMETERS 


FIGURE  7.  SHORT  CIRCUIT  CURRENT  DENSITY  VERSUS 
WINDOW  LAYER  THICKNESS 


Junction  Depth 


Figure  6 shows  the  short  circuit  current  density  as  a function  of 
junction  depth  for  several  values  of  electron  diffusion  length.  lsc  reaches 
its  peak  value  for  an  optimum  junction  deptli  x:  and  then  decreases  for 
greater  depths.  This  optimum  value  depends  on  the  diffusion  length  _>n  both 
sides  of  the  junction.  The  short  circuit  current  density  lsc  can  be  drastically 
reduced  for  deep  junctions  and  short  electron  diffusion  lengths  as  illustrated 
in  Figure  5. 

Window  Layer  Thickness 

Figure  7 shows  the  behavior  of  Isc  as  a function  of  (AlGa)As  layer 
thickness  for  a representative  case  in  which  xj  = 0.  5 pm,  L = 2 pm,  and 
ljn  ~ *1  pm.  It  illustrates  the  substantial  advantage  of  and  strong  incentive 
for  using  thin  window  (D<  0.  5 pm)  layers. 

2.  OPEN  CIRCUIT  VOLTAGE  (V  ) 

oc 

In  p-n  junctions  two  dominant  current  transport  mechanisms  occur  in 
parallel:  the  diffusion  mechanism  due  to  injection  of  carrier  across  the 
junction  barrier  and  generation- recombination  current  within  the  depletion 
region.  The  diffusion  cur  rent- voltage  relationship  for  a forward  bias  can  be 
expressed  as 


diff 


= iol  (e'iv/kT  . it 


do) 


where  V is  the  voltage  drop  across  the  junction  and  Ig  the  saturation  current 
density  shown  in  Equation  17 
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(17) 


The  first  term  on  the  right-hand  side  of  Equation  17  is  due  to  the  electron 
injection  into  the  base  n region.  The  second  term  is  due  to  the  hole  injection 
into  the  p region. 


The  generation  and  recombination  current  within  the  depletion  region 
was  treated  by  Shockley,  Sah,  and  Noyce12.  The  maximum  value  of  this 
current  density  is  given  by 


qn.  w 


2 sinh 


rZFrV  tt 


tT  n T q (V,  . - V)/kT  2 
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where  Tp0  and  rno  are  the  respective  lifetimes  of  holes  and  electrons  in  the 
depletion  region  and  Vbi  is  the  built-in  voltage  of  the  p-n  junction.  The 
actual  value  of  Igr  can  be  lower1^  than  that  given  by  Equation  18. 

The  total  diode  current  density  is  the  sum  of  Idiff  and  I„r.  This  can 
be  approximated  by  “ 


1 = Xol  exp(l£r)  - 1 


where  n is  a quality  factor  which  varies  between  1 and  2.  The  lower  limit 
°f  n (n  = 1)  implies  that  the  diode  current  is  diffusion  limited,  while  the  upper 
value  (n  = 2)  corresponds  to  the  limiting  case  of  generation- recombination. 
(Values  of  n >2  are  also  possible  if  the  space  charge  recombination  process 
involves  more  than  one  intermediate  energy  level.  ) 

The  output  current  density  of  a solar  cell  under  illumination,  taking 
into  account  the  series  resistance  Rs,  is  thus  given  by 


1 = ‘.c  -*o  (V  fIV)  -1  } 


ln  t*le  °Pen  circuit  condition,  the  output  current  density  is  zero  Thus 
the  corresponding  voltage  (Voc)  is  given  by  ’ ’ 


v _ kT  , I sc  . 
oc  q It 


It  can  be  seen  that  the  series  resistance  does  not  affect  the  open 
circuit  voltage.  Equation  21  also  implies  that  a high  value  of  n would  be 
desirable  in  obtaining  high  VQC.  However,  this  is  not  the  case,  since  high  n 
implies  high  IQ  from  Equations  16  through  19.  Open  circuit  voltage  for  p-n 
junctions  is  always  highest  for  the  diffusion-limited  case  n = 1.  Thus,  the 
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BASE  DOPING  DENSITY,  NQ,  CM  3 


FIGURE  8.  OPEN  CIRCUIT  VOLTAGE  VERSUS 
BASE  DOPING  DENSITY 


cell  will  produce  the  highest  open  circuit  voltage  when  n = 1.  Furthermore, 
high  doping  levels  result  in  high  VQC,  as  seen  in  Figure  b,  in  which  Voc 
is  plotted  as  a function  of  the  n buffer  layer  doping  level  Np)  for  the  optimum 
case  where  n = 1. 


3.  FILL  FACTOR  (FF)  AND  POW  ER  CONVERSION  HFFIC IKNCY  (q) 

Solar  cells  of  quite  different  designs  can  deliver  identical  Igc  and  VQC 
and  yet  may  still  differ  in  their  power  conversion  efficiency  because  of 
different  forward  current-voltage  characteristics.  This  is  because  the 
cur  rent-voltage  relationship  does  not  have  an  absolutely  square  "knee.  " The 
actual  maximum  power  output,  Pmaxi  of  the  cell  will  always  be  less  than  the 
product  of  Isc  and  V_c.  A convenient  figure  of  merit  to  describe  this  effect 
is  the  fill  factor  (FF)  defined  by 


FF 
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max 


I V 
sc  oc 
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Any  effect  which  tends  to  soften  the  knee  of  the  diode  1-V  charac- 
teristics will  reduce  FF  and  hence  reduce  the  power  output  from  the  solar 
cell.  The  output  power  (P0ut)  of  a solar  cell  under  illumination  is  given  by 


P = VI  = I iilil  «n 
out  q 


-I2R 


The  maximum  power  output,  Pmax,  occurs  at  a current  Im;  it  is 
obtained  by  setting  dP/dl  = 0. 

Thus, 
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Using  Equation  22,  this  till  factor  is 


I U^n  ( 1 - ^>-llsc)  . I2  R 

rn  q \ IQ  / ms 


I V 
sc  oc 


The  power  efficiency  of  a solar  cell  in  converting  light  of  any 
arbitrary  spectral  distribution  into  useful  power  is  given  by 


VI  FF  x V x I 

m m _ oc  sc 


Table  2 shows  the  calculated  values  for  fill  factor  FF  and  power  effi- 
ciency q for  various  values  of  series  resistance  Rs.  The  parameters  used  t «> 
calculate  the  short  circuit  current  density  Isc  and  the  reverse  saturation  cur- 
rent density  I0  are  D 0.2  pm,  xj  0.2  pm,  I,n  21, p.  2x10^  cm*’, 

Np  1 x 10*7  cm* 3,  Sa  1 x 10^  cm/sec,  S„  1 x 10"*  cm/sec,  Sn  1 x 10’ 
cm/sec,  and  n 1 . (Note  that  I is  a current  density  and  that  to  obtain  voltage 
units  the  Rs  is  really  ohm-cm^.  The  data  in  Table  2 are  thus  normalized 
to  1 em^  area  solar  cell.)  Rs  must  be  larger  than  0.3  ohm-cm^  (or  0.075  ohm 
for  a 4 cm^  solar  cell)  before  an  appreciable  decrease  in  FF  is  noticeable. 


18 


TABLE  2 FF  AND  ij  FOR  SEVERAL  DIFFERENT  VALUESOF  SERIES  RESISTANCE" 


Rs,  S2  cm^ 

LP 

^oc. 

Volts 

A/cm  ^ 

— 

Uc>  9 
mA/cm' 

kiv  9 
mA/cm' 

Pm. 

mW 

FF 

V.  % 

0 

1 

1 0 

5.47  x 10  19 

31.3 

30  43 

— 

27  70 

0 885 

20  46 

2 

1.02 

2.7  x 10  19 

31.8 

30.93 

28  72 

0 885 

21.21 

3 

1.03 

1.8  x 10  19 

31  8 

30.93 

29  04 

0.887 

21  45 

0 3 

1 

1.0 

541  x 10  19 

31  3 

30.43 

27  42 

0 876 

20  25 

2 

1 02 

2.7  x 10  19 

31  8 

30.93 

28  41 

0 876 

20  99 

3 

1 03 

18x10  19 

31.8 

30  93 

78  76 

0 878 

21.24 

1.0 

1 

1 0 

5.41  x 10  19 

31.3 

30  38 

26  78 

0 856 

19.78 

2 

1.02 

2.7  x 10  19 

31.8 

30.89 

27.76 

0 856 

20.50 

3 

1 03 

1.8  x 10  ,9 

31  8 

30.89 

28  09 

0 857 

20  74 

3 

1 

1.0 

541  x 10  19 

31  3 

30.22 

24  94 

0.797 

18  42 

2 

1 02 

2.7  x 10  19 

31  8 

30  74 

25  86 

0.797 

19  1 

3 

1 03 

1.8  x 10  19 

31.8 

30.74 

26.18 

0 799 

19  34 

6 

1 

1.0 

5.41  x 10  ,9 

3t.3 

29.92 

22.23 

0 710 

16  4 1 

2 

1 02 

2.7  x 10  19 

31  8 

30  41 

23  06 

0 711 

17  03 

3 

1.03 

1.8  x 10  19 

31  8 

30.45 

23.38 

0 714 

17  26 

10 

1 

1.0 

5 41  x 10  19 

31.3 

29.15 

18  73 

0.598 

13.83 

2 

1.02 

2.7  x 10  19 

31.8 

29.68 

19.43 

0 599 

14  35 

3 

1 03 

1.8  x 10  19 

31  8 

29.71 

19.74 

0.603 

14  58 

"Assuming  no  shadowing. 


The  upper  limit  to  Isc  is  determined  by  tl^e  bandgap  of  the  semicon- 
ductor. For  the  GaAs  solar  cell  it  is  37  mA/cm"  for  AMO  spectral  condition. 
This  upper  limit  occurs  when  every  incident  photon  creates  an  electron  hole 
pair  which  is  subsequently  collected  by  the  p-n  junction.  The  corresponding 
theoretical  upper  limit  for  power  conversion  efficiency  is  24  percent  using 
a fill  factor  of  0.88  and  an  open  circuit  voltage  of  1 volt.  The  actual  calcu- 
lated efficiency  in  Table  2 is  lower  than  the  upper  limit.  This  discrepancy 
is  due  to  the  losses  in  the  bulk  and  surface  recombination  in  dif fe rent  regions 
'•f  the  cell,  which  are  reflected  in  the  parameters  used  for  calculations  seen 
in  Table  2. 


Figure  9 shows  a sample  calculation  of  power  efficiency  as  a function 
of  base  diffusion  length  for  different  values  of  series  resistance  used  in 
Table  2.  In  this  calculation  we  assume  n = 1 and  window  layer  thickness 
0.2  pm.  Table  3 provides  the  experimental  data  for  cell  373,  whose  1-Y  curve 
is  plotted  in  Figure  10.  From  Figure  10  and  the  data  in  Table  3,  it  is  seen 
that  Rs  can  be  less  than  0.  075  ohm  for  a cell  area  of  4 cm~  and  that  the 
contract  goal  of  18  to  20  percent  efficiency  at  AMO  is  a realistic  goal  for  a 
4 cm^  cell. 
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HOLE  DIFFUSION  LENGTH,  MICROMETERS 


FIGURE  9.  POWER  CONVERSION  EFFICIENCY  (rj)  VERSUS  BASE  DIFFUSION 
LENGTH  (Lp) 
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FIGURE  10.  AMO  CURRENT  VERSUS  VOLTAGE 
OF  (AIGa)As-GaAs  SOLAR  CELL  (CELL  NO  373) 
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TABU  3 EXPl  RIMENTAl  DATA  EO R 
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since  it  was  fdbitcdteii  to  study  the  influence  ot  on  earner  concen 
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SECTION  III 


GaAs  SOLAR  CELL  BASELINE  DESIGN 


An  evaluation  of  the  theoretical  model  and  the  cell  structure  led  to 
the  choice  of  the  baseline  design  for  the  GaAs  solar  cell  shown  in  Figure  11. 
The  n+  concentration  for  the  substrate  was  fixed  at  5 x 10*7  cm~3  and  Xe  was 
selected  as  the  dopant.  The  reason  for  this  choice  is  that  the  substrate  has 
been  developed  to  a high  degree  for  use  in  LEDs,  and  it  provides  the  most 
economical  choice  for  the  solar  cell  until  we  can  establish  the  optimum 
concentration  in  the  buffer  layer  for  the  n side  at  the  active  junction.  In  the 
future  we  may  eliminate  the  need  for  one  epitaxial  growth  of  a buffer  layer 
by  adequate  improvement  in  bulk  growth.  The  highly  doped  substrate  also 
makes  contacting  with  Au-Ge-Ni  considerably  easier. 

F or  the  cells  to  be  fabricated  the  n buffer  layer  concentration  was 
fixed  at  1 x 1017  cm‘^.  This  value  was  chosen  in  the  light  of  results  on  the 
variation  of  open  circuit  voltage  as  a function  of  carrier  concentration  in 
the  n layer.  At  this  doping  level  we  have  about  1 volt,  and  further  increase 
in  n concentration  seems  to  adversely  affect  short  circuit  current.  We  chose 
it  as  the  best  compromise  for  short  circuit  current  and  open  circuit  voltage 
control  of  epitaxial  layer  growth  on  tin-doped  substrates.  The  thickness  of 
this  layer  was  fixed  at  10  pm  or  more  because  results  indicated  that  the  sub- 
strate "visibility"  is  minimized  at  a buffer  layer  thickness  of  10  pm.  A 
lesser  thickness  is  not  always  sufficient  to  remove  the  effect  of  the  substrate 
on  cell  performance.  It  is  worth  noting  that  this  thickness  is  about  three 
times  the  minority  carrier  diffusion  length. 

The  p (AlGa)As  window  layer  thickness,  D,  is  chosen  for  the  present 
design  to  be  <0.5  pm  because  it  is  relatively  easy  to  control  the  liquid  phase 
epitaxy  (LPE)  layer  thickness  at  this  value  over  the  large  areas  necessary 
for  the  solar  cell.  It  is  also  a convenient  dimension  in  terms  of  growth  time, 
which  effectively  determines  the  junction  depth  in  the  finished  structure. 
During  later  stages  of  the  program,  we  fine  tuned  this  parameter  to  even 
lower  values. 

The  p-GaAs  layer,  formed  by  the  diffusion  of  Be  into  the  grown  LPE 
n-type  buffer  layer,  is  controlled  in  thickness  by  the  diffusion  time  and 
temperature.  In  practice,  it  seems  to  be  controlled  by  the  time  and  tem- 
perature of  epitaxial  growth  of  the  (AlGa)As  layer  (Section  VI).  The  p GaAs 
thickness  (junction  depth,  xj)  is  an  extremely  important  parameter  for 
radiation  damage  control  and  is  therefore  crucial  to  space  cell  performance. 
Optimization  of  this  parameter  constituted  a principal  activity  of  the  second 
phase  of  the  program. 


PRECEDING  PIGS  m.ANy 
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^ he  remaining  parts  of  the  baseline  structure  are  self-expanatory . 
The  Au-Zn  contacts  are  about  3000  to  4000  A with  a silver  overlay  about 
4 pm  thick;  the  n contact  is  Au-Ge-Ni  (-5000  A)  with  an  Ag  overlay.  The 
anti  reflection  coating  is  600  A of  Ta205  and  is  the  same  as  that  used  in 
silicon  space  cells,  except  that  the  thickness  is  optimized  to  match  the 
spectral  response  of  the  GaAs  cell.  The  cells  delivered  to  the  Air  Force 
Aero  Propulsion  Laboratory  were  based  on  the  design  shown  in  Figure  11. 


AR  COATING 


2 • 10'°  cm"' 


D - 0.5  /JM 

xj  < 0.5 
t > 10  /JM 

NUMBER  OF  FINGERS  - 24 
p CONTACT:  Au-Zn  Afl 
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FIGURE  11.  GaAs  SOLAR  CELL  BASELINE  DESIGN 
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SECTION  IV 


EXPERIMENTAL  CELL  FABRICATION  AND  RESULTS 


1.  CELL  FABRICATION 

At  the  beginning  of  the  GaAs  solar  cell  program,  several  choices  had 
to  be  made  among  the  alternative  fabrication  techniques  available.  On  the 
basis  of  the  Hughes  Research  Laboratories  (HRL)  experience,  we  chose  to 
use  the  infinite  melt  epitaxial  growth  technique  for  the  device  structure,  a 
mechanical  mask,  Au-Ge-Ni  and  Au-Zn  alloys  for  the  contacts,  and  Ta205 
for  the  AR  coating.  The  reasons  for  these  choices  and  their  advantages  are 
described  below. 

Liquid  Phase  Epitaxy  Growth 

The  basic  building  block  of  the  GaAs  solar  cell  is  an  ( AlGa) A s-GaA s 
structure  grown  by  liquid  phase  epitaxy  (LPE) , since  the  best  results  for  cell 
performance  have  been  obtained  using  this  method.  Of  the  two  best  known 
variants,  the  limited  melt!4  and  the  infinite  melt  techniques,  we  chose  the 
HR L-developed  infinite  melt  technique  for  its  abili;y  to  reproduce  large  area 
cells  with  superior  performance.  The  advantages  of  this  technique  have  been 
discussed  in  several  publications.  ^ 17 

Briefly,  the  limited  melt  technique  suffers  from  a large  surface-to- 
volume  ratio  for  the  growth  solution,  which  makes  contamination  of  the  solu- 
tion difficult  to  control.  This  factor  becomes  especially  important  in  the 
light  of  thermal  cycling  test  results  showing  the  adverse  effect  on  cells  of 
oxygen  contamination  (see  Section  VII).  The  limited  melt  technique  is  also 
disadvantageous  from  the  standpoint  of  the  economics  of  cell  production.  It 
cannot  use  the  Ga  solution  efficiently  because  the  wiping  technique  used  at 
the  end  of  epitaxial  layer  growth  results  in  unavoidable  losses. 

By  contrast,  HRL  has  used  a 1000  g Ga  solution  for  a period  of 
2 years  to  produce  over  1000  cells,  and  the  solution  has,  if  anything, 
improved  in  purity  and  reproducibility  over  that  period  of  time.  Solar  cells 
with  areas  of  4 cm2  have  been  reproducibly  and  routinely  fabricated  with 
AMO  efficiencies  in  excess  of  15  percent,  and  we  have  demonstrated  that  this 
technique  can  be  used  to  grow  even  larger  area  cells.  We  are  presently  set- 
ting up  a system  under  the  High  Efficiency  Solar  Panel  (HESP)  program  that 
will  enable  us  to  grow  eight  cells  at  a time,  making  the  economics  of  cell 
production  extremely  attractive. 


GROWTH  SYSTEM 
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FIGURE  12.  INFINITE  MELT  LIQUID  PHASE  EPITAXIAL  GROWTH  OF  GaAs 


The  basic  LPE  system  developed  at  HRL  is  shown  in  Figure  12.  It 
features  an  all-quartz  growth  tube  connected  to  a stainless  steel  entry  cham- 
ber through  a high  vacuum  valve.  A solution  of  high  purity  GaAs  in  either 
Ga  or  a mixture  of  Ga  and  A1  serves  as  the  growth  solution.  The  A1  to  Ga 
ratio  can  be  adjusted  to  give  any  composition  from  GaAs  to  AlAs  for  the 
epitaxial  layer,  and  dopants  such  as  To,  Sn,  Ge,  or  Be  can  be  used  to  pro- 
duce a variety  of  doped  layers.  Once  a solution  is  prepared  it  is  maintained 
in  a pure  Pd  crucible,  diffused  hydrogen  ambient  at  close  to  the  growth 
temperature  for  periods  of  months  while  layers  are  grown.  Additional 
details  about  the  system  can  be  obtained  from  other  publications.  15,  lb 

Layers  have  been  reproducibly  grown  from  the  system  with  thicknesses 
down  to  0.  5 pm  with  a variation  in  thickness  of  less  than  ±10  percent  over 
substrates  larger  than  6 cm^  in  area.  The  surfaces  are  specular  and  can  bo 
processed  as  grown  for  devices.  Since  a growth  run  takes  only  about  an  hour, 
the  system  can  be  adapted  for  large  scale  production  of  low  cost  cells. 

A substrate  holder  (!•  igure  12)  is  used  to  ensure  good  equilibration 
between  the  substrate  and  the  growth  solution  prior  to  the  start  of  growth.  It 
enhances  the  capability  of  the  URL  infinite  melt  system  for  the  growth  ot 
strain-free  large  area  layers  with  a uniformity  in  carrier  concentration  and 
thickness  that  would  be  difficult  without  it. 

We  have  discovered  that  the  variability  of  commercially  available 
GaAs  substrates  results  in  serious  differences  in  the  quality  of  the  cells.  To 
eliminate  this  problem  wo  have  adopted  the  method  of  growing  an  n-type 
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buffer  layer  with  a controlled  n-type  concentration  provided  by  a tin-doped 
Ga As  solution.  The  method  also  enables  us  to  study  the  variations  in  cell 
performance  as  a function  of  the  carrier  concentration  in  the  n-type  layer. 
Tin  has  turned  out  to  be  an  excellent  dopant  with  low  vapor  pressure  and  well 
behaved  segregation  coefficients.  We  have  tried  Te  as  an  alternative  dopant. 
Because  of  its  somewhat  larger  vapor  pressure  we  have,  however,  favored 
tin  in  most  of  our  studies. 

Contact  s 


Once  the  basic  epitaxial  structure  was  available,  the  next  important 
requirement  for  cell  fabrication  was  a method  of  making  reliable  ohmic  con- 
tacts. One  of  the  major  problems  encountered  by  previous  workers  was 
making  ohmic  contacts  that  would  adhere  to  (AlOa)As. 

Contacts  to  semiconductors  are  empirical  at  best.  One  or  more 
metals  are  applied  to  the  semiconductor  surface  with  a dopant  and  a fluxing 
transition  metal  such  as  Ni,  Cr,  Pd,  or  Ti.  For  the  n GaAs  such  contacting 
systems  are  available.  Au-Ge-Ni  and  Au-Sn  are  good  examples,  the  former 
for  a 4^0*0  contact  and  the  latter  for  one  with  somewhat  higher  temperature 
capability  (t>00*C).  We  chose  Au-Ge-Ni  as  our  first  candidate  since  it  is 
compatible  with  the  Au-Zn  system  for  the  p-tvpe  material:  the  latter  has  been 
most  often  used  for  p-type  GaAs  contacts. 

Having  chosen  the  alloys,  the  next  question  was  the  best  technique 
of  metallization  for  optimum  results.  The  two  most  commonly  used  methods 
are  evaporation  (either  thermal  or  E-beam)  and  sputtering  (RF  or  dc  using 
ion  beams).  The  evaporation  method  implies  high  temperatures,  and  since 
the  metals  are  so  different  in  vapor  pressures  (Zn-Au),  we  believed  sputter- 
ing would  have  some  advantages  in  control.  We  therefore  concentrated  on 
sputtering  as  the  main  approach  during  the  first  phase  of  the  program. 

The  last  choice  in  contacts  is  with  respect  to  the  production  of  the 
contact  grid  pattern  on  the  p side.  The  typical  grid  pattern  we  use  is  a 
24  finger  pattern  (Figure  13).  It  is  a good  compromise  for  minimum  shadow- 
ing (~5  to  d percent)  and  has  good  collection  efficiency.  We  could  obtain  the 
pattern  using  either  photolithography  or  mechanical  masks.  URL  is  develop- 
ing both  techniques  concurrently  for  use  in  a variety  of  applications.  For  a 
cell  compatible  with  concentrated  illumination,  the  photolithographic  tech- 
nique is  especially  useful,  since  it  provides  the  high  resolution  necessary 
for  the  closely  spaced  contact  pattern  required  to  minimize  series  resistance 
in  high  current  operation.  However,  for  high  efficiency  cells  at  low  concen- 
trations a mechanical  mask  approach  offers  a simpler  technique  that  is 
compatible  with  silicon  solar  cell  practice,  which  is  a significant  factor  in 
establishing  a rapid  transition  to  production  for  GaAs  solar  cells.  We 
accordingly  concentrated  on  the  mechanical  mask  approach  and  the  standard 
24  finger  mask  used  by  Spectrolab  for  silicon  2x2  cm  space  cells. 
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Ant  i reflect  ion  Coating 

Iho  anti  retlection  (AU)  coating  chosen  was  TajC^.  We  tried  other 
materials  such  as  1'iO  , zirconium  silicate,  and  oxides  of  silicon,  but  saw 
no  clear  advantage  in  departing  from  the  tantalum  oxide  which  is  presently 
space  qualified  for  silicon  cells. 

Cell  Fabrication  Flow  Chart 

1 *ie  t low  i ha  rt  for  cell  fabrication  and  tost  is  shown  in  Figure  14  It 
is  worth  noting  that  the  mechanical  mask  alternative  has  fewer  steps  com- 


pared to  the  photoresist  process  tor  contacting  the  cells. 
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1\ eproducibility  and  Role  of  the  Substrate 

i ne  capability  ol  the  11RI.  infinite  melt  technique  can  best  be  seen 
trom  the  characteristics  of  the  cells  fabricated  by  this  process.  Tables  4, 

’ * and  o gi\o  the  solar  cell  characteristics  at  three  stages  in  our  solar 
cell  program,  the  first  two  showing  the  cells  fabricated  prior  to  the  present 
contract  and  the  last  showing  the  status  of  the  cells  at  the  beginning  of  1 077 
at  the  end  of  ' months  of  the  present  contract.  The  cell  numbers  in  tile  first 
column  give  the  chronological  order  in  which  the  layers  were  grown;  each 
set  contains  a group  of  cells  that  were  processed  together  for  contacting  in 
one  eight-cell  mask.  The  reproducibility  in  lsc  and  Yot.  is  striking  in  all 
cases.  T von  at  the  earliest  stages  of  the  program  (Table  4)  the  cells 
behaved  predictably.  It  is  worth  noting  that  cell  SS  has  lower  efficiency  than 
the  others.  In  several  other  experiments  of  a similar  nature,  we  noticed 
that  when  the  commercial  substrates  of  To-doped  GaAs  were  used,  the  effi- 
ciency was  not  consistent  and  was  often  lower  than  th.it  for  cells  in  which 
epitaxially  grown  buffer  layers  were  used. 

In  this  regard,  it  has  been  the  practice  in  some  laboratories  ^ to  use 
a "leaching  1 method  to  getter  or  leach  out  impurities  by  using  a saturated 
I’.a  solution  to  improve  substrate  quality.  Improved  efficiency  lias  then  been 
observed  in  these  GaAs  cells.  The  technique,  however,  should  he  considered 
a demonstration  of  the  need  to  improve  substrates  rather  than  a production 
tool,  since  it  involves  very  careful  and  time-consuming  procedures.  Further- 
more. the  leaching  tends  to  contaminate  the  solution  since  it  cannot  be  used 
too  many  times  without  lowering  its  ability  to  getter  t he  impurities.  The 
cost  ot  Ci a precludes  such  a procedure.  Growth  of  the  epitaxial  buffer  layer 
with  tlie  optimum  n-type  concent  ration  eliminates  the  need  for  gettering. 

It  also  permits  the  reproducible  control  of  the  n-layer  composition.  This 
is  important  during  the  early  phases  ot  cell  development,  when  we  .1  re  trying 
to  quantitatively  establish  the  significance  ot  the  11  layer  composition  for 
cell  performance.  Table  s,  which  presents  the  data  for  eight  cells,  demon- 
strates the  strength  of  this  approach.  These  cells  had  the  same  n layer 
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concentration  and  p layer  thickness.  The  amazing  reproducibility  of  cell 
parameters  is  the  best  justification  for  the  URL  approach  to  cell  fabrication. 

Table  6 demonstrates  the  continuing  improvement  of  cell  properties 
during  the  present  contract.  Several  factors  are  shown  by  the  results. 

Cells  522,  524,  and  525  have  the  same  n layer  carrier  concentration.  Their 
open  circuit  voltages  and  short  circuit  currents  are  very  similar.  The 
performance  of  cells  523,  526,  527,  and  529  varies  systematically  (as 
would  be  expected  from  theory)  as  a function  of  p-GaAs  layer  thickness  (xj) 
and  carrier  concentration.  The  open  circuit  voltage  further  increases  as 
a function  of  n layer  carrier  concentration  in  the  two  sets  of  samples. 

Finally,  the  cell  fill  factors  are  the  highest  noted  in  the  available  literature. 

Since  the  17.5  percent  efficiency  was  achieved,  the  emphasis  was 
shifted  to  increasing  the  radiation  resistance  of  the  cell.  In  our  latest  cells, 
these  desirable  goals  are  achieved  without  loss  of  efficiency.  The  steps  that 
led  to  these  improvements  in  cell  modeling  and  processing  are  treated  below 
in  detail. 

Best  solar  cell  performance  is  obtained  if  a double  LPE  layer  growth 
is  used.  The  layer  carrier  concentration  for  both  the  n and  p layers  requires 
optimization,  but  the  trends  are  clear.  The  cells  grown  according  to  the 
growth  schedule  in  Tables  5 and  6 were  used  for  radiation  damage  studies 
and  showed  degradation  in  close  agreement  with  calculated  values  (see  Figure 
40,  Section  VI)  for  cells  with  junction  depth  ~0.  8 to  1 pm.  Since  resistance 
to  radiation  damage  is  an  important  consideration  for  space  applications,  , 
had  to  modify  the  growth  schedule  for  the  GaAs  solar  cells  to  achieve  the 
necessary  junction  depth  control. 

The  factors  that  control  junction  depth  are  1)  the  Be  concentration 
in  the  growth  solution,  2)  the  growth  parameters  involving  nucleation,  and 
3)  the  time  of  growth.  The  study  of  these  factors  required  modification  of 
the  Be  concentration  in  the  growth  solution.  A systematic  study  of  the  growth 
temperatures  and  cooling  cycles  used  for  growth  also  was  needed. 

1)  Be  Concentration  in  Growth  Solution  - There  were  a few  surpris- 
ing developments  in  the  use  of  Be  as  a dopant  during  the  course 
of  this  study.  When  the  amount  of  Be  in  the  solution  was 
increased,  we  noted  that  the  increase  in  the  layer  concentration 
was  not  proportional.  Increasing  Be  concentration  in  the  solu- 
tion by  a factor  of  5 above  that  required  for  1 x 10^®  cm~3  carrier 
in  the  epitaxial  layer  increased  the  layer  concentration  by  less 
than  a factor  of  2.  We  had,  therefore,  to  conclude  that  the  sta- 
bility of  Be  in  the  solid  layer  reaches  a saturation  somewhere 
about  1.5  x 10^  cm~3  and  is  insensitive  to  increased  Be  con- 
centration in  the  solution.  However,  increased  Be  concentration 
in  the  solution  adversely  affects  the  layer  by  increasing  the 
junction  depth.  Our  studies  indicated  that  the  solution  acts  as 
a diffusion  source  with  higher  Be,  increasing  junction  depth 
without  increasing  the  concentration  in  the  solid  layer. 
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1 lu*  junction  depth  is  especially  sensitive  to  the  solution 
concentration  when  slow  growth  rates  are  used  and  the  (AlCa)As 
forms  slowly,  thus  increasing  the  time  for  which  the  C'.aAs  can 
"see"  the  high  Be  concentration  in  the  solution.  Once  a contin- 
uous layer  a few  hundred  angstroms  thick  forms  on  the  C'.aAs, 
the  ini luenee  ot  Be  in  the  solution  on  junction  depth  is  limited, 

1 lie  initial  rapid  diffusion  oi  Be  (see  Figure  24,  Section  V)  can 
be  attributed  to  the  time  during  which  the  solution  seefthe  CiaAs. 
Two  conclusions  were  drawn  from  these  observations: 

Increase  of  Be  in  the  solution  beyond  that  needed  to 
give  ~1.  5 x 10  18  cm-3  in  the  solid  is  harmful  to  con- 
trolled growth.  This  finding  is  additionally  desirable 
to  minimize  the  possible  harmful  effects  of  Be  in 
proce s s ing . 

I he  epitaxial  layer  growth  cycle  should  minimize  the 
contact  of  the  solution  to  the  C’.aAs  substrate  during 
initial  nucleation  and  growth  of  the  layer  to  reduce 
junction  depth;  further,  the  lower  the  temperature  of 
growth,  the  shallower  the  diffusion  will  be. 

2)  Influence  of  Growth  Parameters  - The  influence  of  the  tempera- 
ture of  growth  on  diffused  junction  depth  is  obvious.  However, 
what  is  not  obvious  is  the  influence  of  the  solution  concentration 
in  Be  on  the  junction  depth  (see  item  1 above).  The  values  of 
junction  depth  shown  in  Tables  14  and  IS  (Section  V)  substanti- 
ate the  conclusions  from  item  I.  The  fact  that  increasing  epi- 
taxial growth  time  increases  junction  depth  only  very  slowly 
again  shows  the  overwhelming  influence  of  the  solution  during 
the  initial  seconds.  The  importance  of  this  finding  becomes 
obvious  if  we  wish  to  use  a solution  etch  prior  to  growth  of  the 
layer,  a practice  sometimes  recommended  by  other  workers  to 
improve  layer  perfection.  Such  a procedure  would  expose  the 
substrate  to  the  solution  for  appreciably  longer  time,  thus 
increasing  the  junction  depth.  Since  we  have  established  the 
importance  of  a shallow  junction  in  reducing  radiation  damage, 

it  becomes  evident  that  this  desirable  objective  can  only  be  met 
by  either  reducing  the  Be  concentration  in  the  solution  to  the 
minimum  necessary  for  coll  performance  or  by  minimizing  the 
nucleation  time  so  that  the  grown  layer  offers  an  effective  barrier 
to  diffusion  from  the  solution.  Use  of  these  two  approaches  in 
combination  has  enabled  us  to  reduce  the  junction  depth  to  less 
than  0.  5 pm. 

3)  Ciiowth  lime  - The  influence  of  the  epitaxial  layer  growth  time 
on  junction  depth  was  discussed  in  part  under  item  2 above. 

To  reduce  junction  depth,  it  would  be  desirable  to  reduce  growth 
time  as  well  as  nucleation  time.  It  is  important,  however,  that 
the  growth  rate  be  slow  enough  to  allow  for  orderly  growth  of 
the  layer  to  maintain  good  crystal  perfection  as  well  as  dopant 


a) 


b) 
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segregation  at  the  growth  interface.  Besides  these  limitations, 
there  are  also  practical  considerations  of  cooling  large  volumes 
of  solution  while  using  a heavily  insulated  furnace  when  cooling 
rates  exceed  several  degrees  per  minute.  The  growth  tempera- 
ture of  800°C  imposes  a practical  limit  of  approximately  2“C/min 
without  resort  to  forced  cooling.  In  our  experiments  we  find 
that  a good  compromise  for  GaAs  solution  in  Ga  is  somewhat 
below  l°C/min,  the  exact  rate  being  dependent  on  the  system 
geometry,  dopant  type,  and  concentration.  This  enables  us  to 
grow  an  epitaxial  layer  at  about  1 pm/min;  a buffer  layer  about 
10  pm  thick  can  then  be  grown  in  10  minutes.  The  (AlGa)As 
layer  is  grown  at  a much  slower  rate  since  we  have  to  obtain 
thickness  control  in  the  0.4  pm  range.  At  a growth  temperature 
of  800®C,  a cooling  rate  of~0.3  deg/min  has  given  us  a 2000  A 
layer  per  minute.  The  growth  rate  for  the  (AlGa)As  layer  is 
considerably  slower  because  the  solute  concentration  is  lowered 
as  we  go  to  AlAs  from  GaAs  at  comparable  temperatures.  Thus, 
at  800”C  we  have  approximately  a 2 percent  solution  in  (AlGa)As 
compared  to  a 5 percent  solution  in  GaAs.  Since  slow  growth 
rates  have  to  be  used  to  achieve  reproducible  layer  thickness  in 
the  submicron  window  layer  growth,  it  becomes  imperative  to 
keep  down  the  Be  concentration  to  reduce  junction  depth. 

By  combining  the  considerations  discussed  above,  we  were  effectively 
able  to  reduce  the  junction  depth  of  the  GaAs  cell  below  the  heterophase 
boundary  of  the  window  layer  to  less  than  0.  5 pm.  The  improvement  in 
radiation  damage  so  achieved  can  be  seen  in  Figure  42  (Section  VI). 

An  examination  of  the  cell  efficiencies  in  Table  16  (Section  V)  shows 
that  17.5  percent  efficiency  at  AMO  was  achieved  in  January  1977.  Since 
then,  the  cells  have  not  exceeded  this  figure,  even  though  several  improve- 
ments have  been  achieved  in  contact  integrity,  cell  reproducibility,  and 
improved  process  control,  resulting  in  better  overall  device  yield.  The 
main  reason  for  this  result  is  the  concentration  of  our  efforts  in  reducing 
junction  depth.  However,  as  the  junction  gets  shallower,  two  problems 
arise.  First,  the  heterophase  boundary  (AlGa)As-GaAs  gets  closer  to  the 
electrical  junction.  This  effectively  reduces  junction  quality  because  the 
heterophase  boundary  is  somewhat  more  strained  and  tends  to  have  a lower 
minority  carrier  diffusion  length  region  close  to  it.  Second,  as  we  reduce 
the  window  layer  thickness,  the  electrical  junction  also  gets  closer  to  the 
top  surface  of  the  cell,  where  the  metallic  contacts  that  have  to  be  annealed 
are  located.  Metals  in  the  contacts  are  susceptible  to  migration  and  diffu- 
sion, both  effects  being  enhanced  by  the  strained  heterophase  region.  As 
we  tried  to  modify  the  processing  parameters  to  control  junction  depth, 
these  problems  had  to  be  studied  and  solutions  found  for  them  in  parallel. 
Since  very  little  is  known  about  the  characteristics  of  (AlGa)As  with  higher 
than  85  to  90  percent  Al,  progress  was  slow.  However,  by  slowing  the 
growth  of  epitaxial  layers,  we  were  able  to  minimize  the  adverse  effects  of 
the  heterophase  boundary  and  to  fabricate  the  solar  cells  from  structures 
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with  junction  depths  less  than  0.  5 pm.  The  improvements  in  the  cell 
characteristics  can  best  be  seen  with  steady  improvement  in  the  fill  factor 
from  <0.75  to  0.78  to  0.8.  It  is  worth  noting  that  the  deep  junction  cells 
(520  to  527)  had  fill  factors  as  high  as  0.86.  We  believe  further  improve- 
ment in  layer  quality  will  enable  us  to  reestablish  these  higher  values  even 
with  shallower  junctions. 

The  combined  effect  of  these  investigations  led  to  cells  with  the  char- 
acteristics shown  in  Table  7.  AMO  efficiencies  are  once  again  in  the 
17  percent  range,  even  though  the  cells  are  grown  using  the  new  processing 
techniques  with  window  layers  and  junction  depth  parameters  suitable  for 
higher  radiation  resistance.  The  processing  reproducibility  and  cell  yields 
improved  considerably,  and  the  contacts  do  not  peel  as  easily  as  they  did 
in  our  earlier  cells.  The  open  circuit  voltages  are  consistently  above  1 volt, 
and  the  short  circuit  currents  are  above  110  mA.  The  photo  I-V  character- 
istics of  these  cells  are  given  in  Figure  15.  Comparison  with  Figure  33 
(Section  V)  shows  the  similarity  in  characteristics  with  the  earlier  cells 
with  the  deeper  junction. 

Role  of  Oxygen  in  Liquid  Phase  Epitaxy  Layer  Characteristics 

During  the  course  of  the  program,  we  studied  the  influence  of  oxygen 
in  the  growth  ambient  on  cell  performance.  It  is  known  from  the  literature 
that  oxygen  acts  as  a deep  donor  in  GaAs  and  therefore  affects  its  electrical 
characteristics.  It  should  have  a similar  role  in  (AlGa)As,  although  its 
exact  behavior  is  not  known;  it  can  act  in  different  ways.  For  example,  it 


TABLE  7.  (AIGa)  As-GaAs  SOLAR  CELL 
CHARACTERISTICS  (AMO)' 


Cell  No. 

'sc, 

mA 

Voc. 

V 

FF 

n. 

% 

1960 

116 

1.01 

0.76 

16.5 

1966 

116 

1.01 

0.76 

16.5 

2029 

118 

1.02 

0.76 

16.9 

2083 

120 

1.01 

0.76 

17.1 

2087 

113 

1.02 

0.78 

16.7 

2089 

112 

1.02 

0.78 

16.4 

2090 

113 

0.99 

0.77 

16.0 

2091 

117 

1.02 

0.78 

17.0 

2092 

118 

1.02 

0.78 

17.4 

2093 

121 

1.01 

0.76 

17.2 

’Delivered  to  AFAPL  June  1978.  Cell  size  = 2X2  cm2, 
buffer  layer  carrier  cone  N = 1 X 1017  cm . 
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can  combine  with  silicon  normally  present  as  an  impurity  in  the  growth 
system  to  form  Si02,  which  is  inactive  and  therefore  reduces  the  silicon 
level  in  the  grown  layer.  Alternatively,  it  can  compesate  for  the  shallow 
acceptor  levels  and  therefore  affect  the  carrier  balance  in  the  GaAs. 

At  one  point  in  the  program,  one  of  the  epitaxial  growth  systems 
developed  a leak,  and  we  noticed  a serious  deterioration  in  the  perform- 
ance of  the  solar  cells.  Simultaneously,  we  discovered  a roughening  of 
the  grown  surface  and  an  abnormal  increase  in  the  number  of  dislocations 
in  the  epitaxial  layer.  We  accordingly  carried  out  a detailed  investigation 
of  the  influence  of  traces  of  oxygen  on  epitaxial  layer  properties.  Any 
increase  of  oxygen  above  10  PPM  resulted  in  visible  and  extensive  surface 
deterioration;  even  traces  in  the  PPM  range  affect  the  Hall  mobility  of  the 
(AlGa)As  layer.  Table  8 shows  a typical  set  of  values  obtained  during  this 
period.  The  results  seem  to  indicate  that  oxygen  acts  as  a compensating 
deep  donor  in  (AlGa)As,  with  a severe  reduction  of  the  Hall  mobility  even 
in  layers  doped  as  high  as  10  Id  cm“^  with  Be. 

Since  the  influence  of  oxygen  on  the  layer  quality  has  been  demon- 
strated, we  have  installed  an  oxygen  monitor  (Research,  Inc.  oxygen  moni- 
tor with  range  extender)  that  can  measure  oxygen  concentration  down  to 
0.2  PPM  in  the  H2  flowing  through  the  system.  The  oxygen  levels  are 
kept  below  0.  5 PPM  throughout  the  epitaxial  layer  growth  cycle.  Our 
investigations  have  shown  that  this  measure  is  especially  important  for 
ensuring  the  reproducibility  of  the  window  layer  of  (AlGa)As. 

Another  factor  of  critical  significance  to  the  reproducibility  of  the 
layer  characteristics  is  the  quality  of  deionized  water  used  to  clean  the 
GaAs  substrates  and  finished  grown  structures.  When  the  water  quality 
falls  below  10  to  12  megohms,  the  grown  layers  begin  to  evidence  surface 
problems:  roughness,  and  an  increased  tendency  to  retain  gallium  on 


TABLE  8.  ROLE  OF  OXYGEN  IN  (AIGa)As  LAYERS: 
ELECTRICAL  CHARACTERISTICS 


Date  Grown 

Hall  Measurement  Values 

Remarks 

Carrier 

Concentration, 
p cm  3 

Hall  Mobility, 
cm^  V 1 sec  1 

8 Dec  1976 

2 x 10'H 

108 

• 

P1101  to  oxyqen  leak  cells  with 

17  Jan  1977 

2 x 10 1® 

117 

efficiency  16  to  17%  (AMO) 

6 Apr  1977 

7.7  x I0’7 

48 

• 

After  leak  started 

• 

Cells  show  poor  efficiency,  v 14% 

23  May  1977 

2 x 1018 

114 

• 

Leak  fixed 

• 

Mobility  recovers 

• 

New  cells  show  bettei  efficiency 

I 
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spots,  with  a subsequent  increase  in  oxidation  of  the  surface  at  these  spots. 
Especially  with  the  large  area  cells,  it  is  important  to  avoid  this  problem 
to  obtain  high  enough  yields  in  cell  production.  Besides  the  deionized  water, 
all  organic  chemicals  such  as  isopropyl  alcohol,  freon,  and  similar  solvents 
used  must  be  meticulously  kept  free  of  dust  particles  and  moisture,  since 
these  tend  to  cause  tailing  of  Cia  on  the  substrate  surface  and  subsequent 
irregular  growth.  Besides  the  problems  in  epitaxial  growth,  the  lack  of 
care  in  handling,  deterioration  of  water  or  solvent  quality,  or  undue  expo- 
sure to  humidity  or  dusty  air,  can  lead  to  severe  adhesion  problems  in  the 
grid  contacts  on  the  p (Al-Ga)As  layer.  Some  contact  peeling  in  our  early 
cells  has  been  traced  to  these  problems. 

Contact  s 


Tables  4,  5,  and  6 show  that  the  contacts  to  (AlGa)As  layers  using 
Au-Zn  are  satisfactory.  However,  our  experience  has  been  that  these  con- 
tacts exhibit  erratic  behavior.  While  some  sets  of  cells  have  excellent 
ohmic  contacts,  others  tend  to  have  serious  nonohmic  components,  as  shown 
by  the  I-V  curves.  A systematic  study  of  the  contact  problem  established 
the  reasons  for  the  erratic  behavior.  There  are  three  principal  reasons 
for  the  failure  of  Au-Zn  contacts  to  (AlGa)As: 

1)  The  refractory  native  oxide  layer  on  (AlGa)As  acts  as  a barrier 
layer,  preventing  ohmicity. 

2;  The  extremely  high  vapor  pressure  of  zinc  makes  controlled 
deposition  of  Au-Zn  by  evaporation  of  the  alloy  difficult. 

3)  The  control  of  the  stoichiometry  of  Au-Zn  is  especially  critical 
at  the  semiconductor  surface. 

The  use  of  a low  temperature  sputtering  process  eliminated  the 
problems  associated  with  items  2 and  3.  The  last  batches  of  cells  made 
have  reproducible  character i sties,  demonstrating  that  such  reproducibility 
can  be  obtained  by  carefully  preventing  any  temperature  rise  in  the  deposi- 
tion system.  The  problem  arises  principally  because  zinc  has  a high  vapor 
pressure  at  temperatures  as  low  as  100°C,  and  the  sticking  coefficient  of 
zinc  to  (AlGa)As  is  quite  low  once  the  temperature  rises.  Since  an  alloy 
of  about  5 to  8 percent  Zn  is  used  for  sputtering,  it  is  important  that  all 
temperatures  in  the  system  be  maintained  low,  especially  if  fairly  long 
deposition  times  are  used.  Increasing  the  amount  of  zinc  in  the  starting 
alloy  causes  problems  because  of  zinc  oxide  formation  and  large  deposits 
of  zinc  in  the  bell  jar. 

The  increased  temperature  in  the  deposition  system  is  also  undesir- 
able because  it  causes  oxide  formation  at  the  (AlGa)As  surface.  We  suc- 
ceeded in  minimizing  the  oxide  formation  by  better  handling  procedures  and 
limiting  temperature  excursions  on  the  surface.  Once  the  processing  is 
finished  and  the  contacts  are  annealed  at  500*C,  the  oxide  formation  prob- 
lems seem  to  be  eliminated. 
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We  also  established  a simple  way  to  eliminate  all  traces  of  the  oxide 
just  prior  to  the  Au-Zn  contact  deposition  by  backsputtering  about  100  A 
in  the  contacting  system.  Extreme  care  has  to  be  taken,  however,  to 
ensure  that  the  sputtering  system  is  oxygen-free,  since  traces  of  oxygen 
cause  an  oxide  formation  on  the  virgin  sputtered  surface  very  rapidly. 


We  investigated  the  possibility  of  using  photolithography  as  an 
alternative  to  mechanical  masks.  The  method  is  attractive  because  of  the 
high  resolution  obtainable  and  because  it  enables  us  to  contact  the  CaAs 
directly  rather  than  the  (AlGa)As.  Photolithography  can  be  successfully 
used,  and  we  have  proved  it  to  be  desirable,  especially  for  high  concen- 
traction  cells  that  require  close-spaced  finger  patterns  with  thick  contacts 
to  provide  minimum  series  resistance  in  high  current  operation  at  over 
500  suns.  However,  the  process  has  several  problems  for  high  efficiency 
cells: 


1)  The  photolithographic  technique  requires  two  separate  photo- 
resist steps  involving  the  use  of  alkaline  solutions.  They  gener- 
ally cause  some  suriace  deterioration  and  oxide  formation. 

-)  With  thin  layers  less  than  0.  5 pm,  surface  deterioration  and 
oxide  formation  can  cause  problems.  It  seems  also  that  the 
reactivity  of  the  epitaxial  layer  increases  as  the  junction  gets 
closer  to  the  top  surface,  possibly  because  of  the  increased 
stiain  at  the  junction,  affecting  the  surface  reactivity. 

3)  1 he  oxide  provides  a good  All  coating  on  the  surface  of  the  cells 
that  is  optimum  tor  an  interface  to  air.  However,  the  refractive 
index  (~l.  8)  is  not  very  good  for  a glass  cover.  The  removal 

of  the  oxide  by  sputtering  is  touchy  for  thin  layers  and  often 
causes  additional  damage. 

4)  The  economics  of  setting  up  a complete  line  of  photolithographic 
processing  for  high  efficiency  cells  is  not  attractive  until  the 
volume  of  cells  goes  above  several  hundred  thousand  per  year. 


It  is  noteworthy  that  the  silicon  cells  are  presently  being  made  using 
mi  chanical  masks.  Since  compatibility  with  silicon  cell  technology  is  a 
definite  advantage  in  rapid  transition  to  large  scale  production,  it  would 
appear  advantageous  to  proceed  with  the  mechanical  mask  approach  where 
it  is  practicable.  We  have  demonstrated  that  the  mechanical  mask  approach 
is  fully  acceptable.  We  are  also,  however,  capable  of  utilizing  the  photo- 
lithographic process  and  are,  indeed,  developing  it  for  the  terrestrial  con- 
centrator cell  on  another  program.  We  believe  that  with  this  parallel 
development,  we  will  be  fully  capable  of  using  either  technique. 
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Contact  Annealing  Studies 

In  studying  the  performance  of  the  cells  with  shallow  junctions,  we 
noticed  that  an  increasing  number  of  them  displayed  leaky  I-V  characteristics. 
An  investigation  of  the  processing  history  of  these  cells  suggested  that  the 
problem  was  due  at  least  in  part  to  the  annealing  of  the  contacts.  We  there- 
fore conducted  a series  of  experiments  to  determine  the  influence  of  anneal- 
ing on  contact  performance. 

Typical  curves  showing  the  effect  of  annealing  temperatures  and 
times  on  solar  cell  performance  are  shown  in  Figures  16  and  17.  Cell  1817 
was  first  annealed  at  425*C  (3  minutes)  and  subsequently  annealed  at  450*C 
(3  minutes).  After  annealing  at  450°C,  the  cell  became  very  leaky.  The 
cell  was  then  cleaved  and  divided  into  four  equal  areas.  Figure  18  shows 
the  dark  I-V  characteristics  of  two  such  areas.  The  second  quarter  shows 
leaky  I-V  characteristics.  (It  is  even  possible  that  an  annealing  tempera- 
ture of  425*C  is  too  high  for  this  cell.)  A further  example,  using  a new  cell 
(1833),  of  the  effect  of  contact  annealing  temperature  on  cell  performance  is 
given  in  Table  9.  The  efficiencies  given  in  the  last  column  are  for  the  bare 
cells  without  AR  coating  or  glass  cover  and  would  correspond  to  over  15  per- 
cent AMO  for  the  completed  cell.  We  proceeded  to  study  the  problem  in  two 
stages:  1)  the  reduction  of  the  cell  open  circuit  voltage  and  2)  the  origin  of 
the  problem  and  its  geographic  location  in  the  cell. 

1)  The  lowering  of  Voc  can  be  explained  by  the  increasing  diode 
leakage  current  caused  by  the  impurity  diffusion  to  the  junction. 

The  impurity  may  be  Au  or  Zn.  The  increased  leakage  current 
is  measured  by  the  dark  I-V  characteristics  at  each  sintered 
stage. 

2)  To  investigate  whether  this  impurty  diffusion  occurs  only 
locally,  the  same  cell  (No.  1822)  was  cleaved  and  divided  into 
three  regions.  The  photo  I-V  characteristics  are  measured 
for  each  region  as  shown  in  Figure  19.  Both  region  1 and 
region  2 have  Voc  about  1 volt,  and  region  3 has  VQc  0.9  volt. 
Thus,  it  can  be  seen  that  the  degradation  of  cell  performance 
is  only  caused  by  regional  defects. 


TABLE  9.  EFFECT  OF  ANNEALING  ON  CELL  PERFORMANCE 


Cell  1833 
D 0.4  pm 
Xj  =i  0.3  pm 


Annealing 

Temperature, 

°C 

Annealing 
Time, 
min,  sec 



Photo  I V Characteristics 

'sc. 

mA 

Voc. 

V 

FF 

n.% 

375 

1, 

49 

84 

0.98 

0.71 

10.7 

425 

2, 

18 

83 

0.97 

0.74 

11.0 

450 

3, 

29 

85 

0.89 

0.78 

11.0 

2 04  06  08  100  02 

VOLTAGE.  VOLTS 

a)  ON  PHOTO  I V 


04  06  08 

VOLTAGE.  VOLTS 

b)  ON  DARK  I V 


FIGURE  17.  450°C  ANNEALING  TEMPERATURE  EFFECTS  (CELL  18171 


CENTIMETERS 


• I FIRST  QUARTER  OF  CELL  bt  SECOND  QUARTER  OF  CELL 


FIGURE  18.  DARK  l-V  CHARACTERISTICS  FOR  CLEAVED  AND  DIVIDED  AREAS  OF  CELL  1817 
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These  results  indicate  that  there  is  some  migration  of  either  Au  or 
Zn  in  localized  areas  in  the  cell  that  causes  serious  degradation  of  cell  per- 
formance. This  condition  is  aggravated  when  the  junction  depth  from  the 
contact  becomes  smaller  than  a micron.  We  believe  that  dislocations 
produced  in  the  strained  region  close  to  the  heterophase  boundary  may  con- 
tribute to  this  problem.  The  larger  the  cell  area,  the  greater  the  probability 
of  such  a problem  occurring  locally.  It  is  also  interesting  to  note  that  the 
problem  is  aggravated  when  the  A1  concentration  goes  higher,  since  the 
strain  at  the  interface  is  larger.  We  believe,  however,  that  once  the  prob- 
lem and  its  causes  are  understood,  processing  methods  can  alleviate  and 
ultimately  eliminate  the  problem.  We  investigated  the  cell  processing  steps 
in  close  detail  using  the  new  (AlGa)As  solution  to  establish  the  optimum  con- 
ditions. iSince  thinner  window  layers  and  shallower  junctions  are  necessary 
for  obtaining  maximum  efficiency  and  low  radiation  damage,  these  studies 
were  especially  significant. 

Since  high  Be  doping  would  cause  additional  problems  in  the  window 
layer,  we  proceeded  to  study  the  behavior  of  contacts  to  the  (AlGa)As  layer 
as  a function  of  Be  doping.  These  experiments  showed  that  some  cells  with 
low  open  circuit  voltages  ( V oc ) had  unusually  low  Be  concentrations.  The 
junction  depth  measurements  on  these  cells  showed  that  they  had  unusually 
shallow  junctions  of  ~ 0 . 2 pm  or  lower  (Table  10), 

We  noticed  on  cells  fabricated  under  these  conditions  that  lower 
annealing  temperatures  (<420°C)  for  contacts  could  lead  to  improved  open 
circuit  voltages.  This  is,  however,  an  unacceptable  procedure.  With 
junctions  deeper  than  ~0. 25  pm,  we  have  almost  never  seen  such  behavior. 
Even  cells  grown  with  only —C).  18  pm  junction  depth  sometimes  show  normal 
behavior,  which  strongly  suggests  that  the  problem  with  shallow  junctions  is 
caused  by  local  variations  in  the  junction  region  which  tend  to  affect  the  per- 
formance of  the  large  area  cells.  Careful  process  refinement  should  resolve 
these  problems. 


TABLE  10  GaAs  CELLS  WITH  VERY  SHALLOW  JUNCTIONS 


Cell  No. 

Window  Layer 
Thickness, 

|jm 

Junction 

Depth, 

pm 

Open  Circuit 
Voltage, 

V 

1945 

0.3 

0.18 

0.85 

1946 

0.3 

0.18 

0.9 

1956 

0.35 

0.18 

1.0 

1936 

0 30 

0.25 

0.99 

1848 

0.50 

0.30 

0.89 

1849 

0.50 

0.30 

0.94 

i 


i 


44 


A prime  suspect  in  the  anomalous  behavior  in  shallow  junction,  thin 
window  layer  cells  is  the  gold  in  the  An-Zn  contact,  which  is  known  to  be  a 
fast  diffuser,  especially  along  strain  boundaries  in  GaAs.  This  conclusion 
is  strengthened  by  the  fact  that  varying  Zn  by  a factor  of  2 does  not  produce 
any  change  in  Au-Zn  contact  behavior.  Since  Au  is  known  to  cause  problems 
in  the  Au-Ge-Ni  contacts  commonly  used  in  microwave  devices,  we  feel  that 
elimination  of  Au  from  the  contacts  is  desirable,  Ag-Zn  as  a contact  is 
being  presently  investigated  on  the  HESP  program.  The  behavior  of  Ag-Zn 
in  high  Al(AlGa)As  is  being  examined  in  detail  with  shallow  junctions  and 
thin  window  layers. 


1.  CONCLUSIONS 

The  LPE  layer  growth  is  well  in  hand,  and  the  URL  infinite  solution 
technique  has  been  proven  satisfactory  for  growing  the  solar  cell  structures 
needed.  Additional  refinement  in  growth  temperatures  and  cooling  rates 
should  further  improve  the  heterojunction  region  and  reduce  the  strain  fields 
associated  with  it.  A more  careful  study  of  dopant  concentrations  at  the 
electrical  junction  and  of  the  possible  advantages  of  alternative  p-type 
dopants  such  as  Mg  may  improve  the  junction  and  remove  some  of  the  limi- 
tations noted  with  Be.  The  cells  made  according  to  the  present  process  are, 
however,  suitable  for  space  experiments  to  establish  GaAs  ceil  acceptability. 

(AlGa)As  contact  technology  is  a difficult  problem  at  best.  We  have 
produced  Au-Zn  contacts  that  are  acceptable  for  most  normal  operations. 
With  improved  annealing  procedures  and  careful  control  of  the  temperature 
during  the  sputtering  operation,  the  contacts  are  mechanically  and  electri- 
cally reproducible.  The  Au-Zn  contact,  however,  has  some  limitations 
because  of  the  tendency  of  Au  to  migrate  unpredictably  through  strain  bound- 
aries in  the  window  layer.  Further,  the  contact  is  only  stable  below  400eC. 
The  addition  of  a refractory  metal  to  the  alloy  would  appear  to  be  a solution. 
Ti,  Ta,  Cr,  and  Ni  are  good  candidates.  Application  ot  a thin  film  of  one  of 
these  materials  to  the  surface  prior  to  contacting  should  be  tried.  We  would 
prefer  to  attempt  this  step  using  Ag-Zn  rather  than  Au-Zn  in  order  to  elimi- 
nate Au  from  the  contacts.  Such  a contacting  study  would  involve  a syste- 
matic and  sustained  investigation  of  several  month's  duration.  Contacting 
directly  to  (AlGa)As  is,  however,  a prerequisite  of  reducing  the  complexity 
of  cell  fabrication  if  a thin  window  and  a shallow  junction  are  to  be  success- 
fully included  in  the  cell  structure.  I1RL  is  presently  pursuing  this  tech- 
nology under  an  Independent  Research  and  Development  (IR&D)  project. 
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SECTION  V 


SOLAR  CELL  CHARACTERIZATION  AND  PERFORMANCE 


1.  CARRIER  CONCENTRATION  IN  LAYERS 

The  carrier  concentration  for  the  n GaAs  buffer  layer  and  for  the  p 
diffused  GaAs  layer  was  obtained  from  Hall  effect  measurements.  The 
carrier  concentration  of  the  p diffused  layer  was  found  to  be  close  to  that  of 
the  (AlGa)As  layer.  We  formed  a thick  layer  (3  pm)  by  the  diffusion  of 
beryllium  (Be)  from  the  (AlGa)As  layer  into  the  epitaxially  grown  n layer. 

Two  samples  were  made  for  Hall  effect  measurements.  The  (AlGa)As  layer 
on  one  sample  was  etched  off  completely,  and  the  Hall  measurement  was 
made  on  the  p diffused  layer.  On  the  other  sample,  the  measurement  was 
made  directly  on  the(AlGa)As  layer.  The  carrier  concentration  in  both  lay- 
ers is  of  the  same  order.  The  Hall  measurement  results  are  given  in 
Table  11. 

Both  the  secondary  ion  mass  spectroscopy  (SIMS)  and  Hall  measure- 
ments indicate  a higher  p type  doping  level  in  the  GaAs  than  in  the  (AlGa)As. 
The  exact  reason  for  this  is  not  clear.  It  could  be  a difference  in  the  impurity 
level  position  in  the  band  gaps  of  the  two  materials,  with  the  Be  level  in 
GaAs  being  shallower.  This  aspect  needs  to  be  studied  in  greater  detail  by 
taking  Hall  measurements  as  a function  of  temperature. 

2.  DIFFUSION  LENGTH  MEASUREMENTS 

Figure  20  shows  the  electron  beam  induced  current  (EBIC)  technique 
developed  under  a separate  program  at  HRL  to  measure  the  diffusion  lengths 


TABLE  11.  HALL  EFFECT  MEASUREMENT  RESULTS 


cm2 

Layer 

Thickness,  pm 

Pp,V-sec 

Na,  cm'3 

(AIGa)As 

3.7 

114.2 

1.5  x lO1® 

Diffused  p layer 

3.0 

93.2 

2 x 1018 

FRSC£RING  FAflB  hi-ANy 


ELECTRON  BEAM  INDUCED  CURRENT.  AMPERES 


FIGURE  21.  SEM  MINORITY  CARRIER  DIFFUSION  LENGTH  MEASUREMENTS 
GaAs-GaAs-(AIGa)As  SOLAR  CELL 
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\ TABLE  12.  DIFFUSION  LENGTHS  MEASURED  IN  EACH 
\ LAYER  OF  (AIGa)  As-GaAs  SOLAR  CELL 


Material 

Doping 

Density, 

cm'* 

Ln^m 

Lp.pm 

(AIGa)As 

2.0  x 1018 

0.75 

GaAs  Ip)  EPI 

1.5  x 1018 

1.8 

GaAs  (n)  EPI 

1 x 1017 

1.4 

GaAs  substrate 

7 x 1017 

_ 

0.6 

in  (AiGa)As-GaAs  solar  cells.  In  this  technique,  the  beam  of  a scanning 
electron  microscope  (SEM)  generates  minority  carrierJnear  the  surface  of 
the  semiconductor  which  diffuse  toward  the  junction.  The  induced  junction 
current  I varies  exponentially  with  scan  distance  X. 


I(x)  = Iq  exp 


(-£) 


In  one  of  our  first  successful  measurements,  the  doping  density  for  the  n 
substrate  and  n buffer  layer  was  7 x 10*'  cm"  ^ and  1 x 10  *7  cm-3,  respec- 
tively. The  diffused  p layer  (Na=3.8  x 10*®  cm"®)  forming  a junction  within 
the  n buffer  layer  measured  3 pm  thick,  and  the  (AlGa)As  window  layer  (N^  = 
2.  5 x 10*°  cm'*)  was  2 pm  thick.  Figure  21  shows  the  logarithmic  plot  of 
the  induced  current  versus  scan  distance  along  the  cleaved  surface  for  this 
measurement.  The  minority  carrier  diffusion  length  in  each  layer  was 
determined  from  the  linear  portion  of  the  log  I versus  X plot.  The  results 
are  summarized  in  Table  12.  However,  only  a small  number  of  samples  was 
tested.  The  diffusion  length  in  each  layer  still  needs  to  be  confirmed  by  a 
larger  number  of  measurements. 


3.  JUNCTION  DEPTH  MEASUREMENTS 

Junction  depth  is  an  important  parameter  for  (A lGa)A s-GaAs  solar 
cells  because  of  the  large  optical  absorption  coefficient  in  GaAs.  The  cor- 
relation between  junction  depth,  minority  carrier  diffusion  length,  and 
solar  cell  efficiency  would  require  us  to  keep  the  junction  shallow 
(see  Section  II,  Theoretical  Model).  We  use  three  different  techniques 
to  measure  junction  depths  in  our  solar  cell  structures.  These  are  identified 
in  Table  13.  Optical  examination  of  the  cleaved  edge  is  not  satisfactory  for 
measuring  junction  thickness  less  than  0.5  pm  because  this  thickness  is  of 
the  same  order  as  the  wavelength  of  the  light  used.  The  beveled  structure 
seems  to  display  the  various  layers  fairly  well  if  the  polishing  can  be  done 
carefully. 
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TABLE  13.  TECHNIQUES  USED  FOR  JUNCTION  DEPTH  MEASUREMENTS 


Technique 

Sample  Structure 

Remarks 

SEM 

Cleaved  mesa  diode 

SIMS 

(AIGa)AsGaAs 

Slow  etching  rate  required  costly 
machine  time 

Staining  and  optical 

Cleaved 

Measurable  distance  >1  \ 

microscope 

Beveled 

Careful  polishing  needed; 
reliable  results  with  optimum 
etch 

rhe  scanning  electron  microscope  technique  with  voltage  contrast 
mode  allows  us  to  determine  junction  depth  with  sufficient  reliability.  The 
arrangement  used  is  shown  in  Figure  22.  Typical  SEM  patterns  observed 
are  shown  in  Figure  23  for  0 and  -4  volt  bias.  The  bias  improves  the  con- 
trast and  makes  measurements  easier.  These  photos  show  that  the  reverse 
bias  actually  widens  the  depletion  width.  The  depletion  width  increase 
agrees  well  with  the  calculation  based  on  the  abrupt  junction  theory  (see  sub- 
section II.  1,  Equation  10).  The  doping  density  used  in  this  calculation  again 
confirms  the  Mall  effect  measurement. 

The  result  obtained  by  SEM  was  also  confirmed  by  measurements 
using  SIMS.  A typical  result  from  SIMS  measurements  is  shown  in  Figure  24. 
The  initial  0.  3 (im  is  the  (AlGa)As  layer  where  the  concentration  of  Al  and 
As  is  relatively  high.  The  p diffused  layer  starts  where  the  Al  concentration 
is  being  reduced  and  ends  at  the  junction  where  Be  concentration  has  vanished. 
This  layer  is  approximately  1 (im  thick.  This  measurement  also  shows  that 
the  diffused  p layer  is  uniformly  doped  with  Be.  Of  these  techniques,  the 
SEM  seems  to  be  the  best  and  most  convenient  tool  to  determine  the  junction 
depth. 


4.  JUNCTION  DEPTH  MEASUREMENT  VERSUS  GROWTH  PARAMETERS 

| 

Table  14  shows  the  junction  depth  as  a function  of  growth  parameters. 
The  variation  of  junction  depth  as  a function  of  growth  time  is  shown  at  the 
i top  of  the  table,  its  variation  as  a function  of  diffusion  time  following  5 min- 

utes of  growth  is  shown  in  the  middle,  and  junction  depth  at  higher  growth 
temperatures  is  shown  at  the  bottom.  The  results,  summarized  in  Figure  25, 
lead  to  the  following  conclusions: 

1)  Shallow  junction  (less  than  0.  5 pm)  can  be  obtained  below  810°C 
if  growth  times  are  held  to  less  than  5 minutes. 

2)  The  diffusion  time  at  810°G  following  5 minutes  growth  time  does 
not  appreciably  increase  junction  depth. 

3)  The  junction  depth,  x.,  increases  at  higher  growth  temperature. 
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TABLE  14  JUNCTION  DEPTH  MEASUREMENTS  VERSUS  GROWTH  PARAMETERS 


Cell  No. 

Initial  Growth 
Temperature,  T„, 
°C 

Giowth 

T ime, 

V mm* 

Cooling  Rate, 
•Via  ty, 

°C  mill 

Be 

Concentration, 
cm  3 

Junction 

Depth, 

Xj,  pm 

(AIGalAs 

Layer 

Thickness, 

D,  pm 

Jui 

ction  Depth  Variation  as  Function  of  Giowth  Time 

721 

809  7 

0.8 

3 * 0 

0 267 

1 x 1018 

0.42 

0.25 

727(a) 

810  0 

1 05 

4 * 0 

0.262 

1 x 1018 

0.46 

0.67 

730(c) 

8100 

1.3 

5 * 0 

0.26 

1 x 1018 

0.54 

727(b) 

810 

3.4 

10  t 0 

0 34 

1 x 1018 

0 75 

2 59 

727(c) 

822 

5.3 

20  r 0 

0.265 

1 x 1018 

1.15 

6.30 

Junction  Depth  Variation  as  Function  of  Diffusion  Time 

751 

809  7 

1.25 

5 + 5 

0.25 

1 x 10'8 

0 55 

112 

740 

809.7 

1.1 

5+10 

0.22 

1 x 1018 

0.60 

1.30 

738 

809.9 

1.45 

5 + 15 

0 29 

1 x 10 1 8 

0.65 

1.20 

737 

810 

1.25 

5 + 2 

0 25 

1 x 1018 

066 

1.42 

Junction  Depth  at  Higher  Giowth  Temperatures 

768 

822 

2 5 

10  • 0 

0.25 

1 x 10'8 

1 15 

5.48 

727 

822 

20  + 0 

0.16 

1 x 1018 

1.15 

761 

822 

0.80 

5 ♦ 10 

0.16 

1 x 1018 

0.90 

2.0 

756 

822 

1.25 

5 + 5 

0 25 

1 x 1018 

1.0 

2.5 

782 

836 

0.64 

4 + 10 

0 16 

1 x 10'8 

0.87 

1.34 

791 

836 

0.80 

5 + 10 

0.16 

1 x 1018 

1.00 

0.62 

792 

836 

1.28 

8 + 10 

0 16 

1 x 1018 

1.20 

2 33 

526 



836 

10  + 20 

005 

3 x 1018 

2.00 

1.0 

"Growth  time  + diffusion  time. 


4)  The  junction  depth  xj  increases  at  a faster  rate  at  the  beginning 
of  the  growth.  This' probably  reflects  the  increased  influence  of 
the  solution  with  its  higher  He  concentration  as  a diffusion  source 
at  the  inception  of  epitaxial  growth.  The  effect  of  the  solution  on 
initial  stages  of  growth  has  to  be  coupled  with  the  relative  posi- 
tions of  the  energy  level  of  Be  in  the  band  gaps  of  CiaAs  and 
(AlCia)As  to  explain  fully  the  behavior  of  Be  as  a dopant  in  the 
GaAs  solar  cell  structure. 

These  findings  were  incorporated  into  a modified  process  for  the 
growth  of  LPE  layers  to  yield  solar  cells  with  improved  radiation  resistance 
(see  Section  IV).  Table  15  gives  the  results  for  these  cells. 
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FIGURE  25.  JUNCTION  DEPTH  (Xj)  VERSUS  GROWTH  TIME 


TABLE  15.  JUNCTION  DEPTH  MEASUREMENTS  VERSUS  GROWTH 
TIME  FOR  RADIATION  RESISTANT  CELLS 


1 

Cell  No. 

L 

Initial  Growth 
Temperature,  T„, 

°c  -1 

. AT9 

Giowth 
Time, 
t , min* 

9 

Cooling  Rate, 
Tg  tg. 
°C/min 

„ BP 
ConcenU  Jtion, 

cm  8 

Junction 

Depth, 

Xj,  pm 

(AIGa)As 

Layer 

Thickness, 

D,  pm 

2099 

792 

0.4 

2 

0.25 

1 x 1018 

0.25 

0.4 

LEPI  1103 

792 

2.8 

5 

0.56 

1 x 1018 

0.3 

LEPI  1102 

792 

17.8 

20 



0.89 



1 x 1018 

0./ 

4.5 

5.  DARK  t-V  CHARACTERISTICS 

Dark  current- voltage  (I-V)  characteristics  are  an  important  measure 
of  solar  cell  performance  because  they  reflect  the  cell's  fill  factor  and  open 
circuit  voltage.  Dark  l-V  characteristics  are  determined  by  the  combined 
effect  of  the  current  transport  mechanisms,  mainly  diffusion  and  recombi- 
nation currents. 


S4 


The  diffusion  current-voltage  relationship  for  forward  hi 
expressed  in  Equation  16  (Section  II)  as  forward  bi 


las  was 


W = Iol  (e^V/kT 


1) 


!lhne.r!  V iS,  th®  volta8e  dr°P  across  the  junction  and  I , is  the  leakage  cur 
rent  density  shown  in  Equation  17,  i.  e.  ol  leakage  cur- 


= 
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forward^  condmon  reCOmbiM“°»  current-voltage  relationship  unde, 
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ST 
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where 


qn.  w 
‘o2  ■ — 1 - 


no  po 


‘Equation  IS  (Section  II)  is  an  expanded  expression  of  this  value. 
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Thus,  the  total  forward  cu r rent- voltage  relationship  is  given  by  the  sum  of 
these  two  current  components,  namely, 


Figure  26  shows  the  theoretical  dark  1-V  relationship  for  a high 
quality  C.aAs  cell  (solid  line)  and  for  a leaky  C.aAs  cell  (dashed  line).  The 
maximum  povvor  point  normally  occurs  in  a region  where  footli  current  con- 
tributions  are  important.  However,  for  a leaky  cell  with  excess  dark  cur- 
lent,  the  gene  ration- recombination  current  will  be  the  dominant  contributor 
at  the  maximum  power  point. 

I-  igure  27a  shows  a typical  I-V  measurement  of  our  high  quality 
(AlGa)A s-Ga As  cell.  It  has  two  exponential  regions  with  slopes  q\'/2.  i kT 
ln  - 2.  1)  and  q\  / l.  8 kl  (n  - 1.8),  respectively.  The  decreasing  slope  of 
the  current  around  0.  1 ampere  results  from  the  series  resistance  of  the 
device  (around  0.  1 ohm).  At  the  short  circuit  current  value  of  120  mA, 

12  mV  are  lost  across  this  resistance.  Figure  27b  shows  the  1-V  charac- 
teristics for  a leaky  GaAs  cell.  The  slope  of  log  I-V  is  qV/2.  1 kT  (n  2.  1) 
at  the  maximum  power  point.  Thus,  for  these  cells,  it  is  seen  once  again 
that  the  l-V  characteristics  are  generation- recomb  ination  limited. 

The  lateral  uniformity  of  the  p-n  junction  between  the  p diffused 
layer  and  n grown  layer  was  examined  with  a scanning  electron  microscope 
operated  in  the  electron  beam  induced  current  (EBIC)  mode.  Figure  28 
shows  an  EBIC  picture  of  a cross  section  of  an  (AlGa)As-GaAs  mesa  struc- 
ture. Figure  29  is  the  scanning  electron  micrograph  obtained  in  the  EBIC 
mode  for  the  same  sample.  The  presence  of  a laterally  continuous  junction 
is  indicated  by  the  uniform  collection  of  induced  current  in  the  space  charge 
legion.  This  technique  can  be  used  to  examine  the  junction  quality  of  the 
entire  area  (2x2  cm)  of  the  solar  cell. 


6.  ELECTROLUMINESCENCE  EXPERIMENT 


A light  emission  image  in  the  forward  biased  2x2  cm  (AlGa)As- 
GaAs  solar  cells  is  shown  in  Figure  30.  The  photo  shows  nonradiative  dark 
spots.  Three  different  efficiency  solar  cells  are  used  for  comparison.  The 
cell  with  the  largest  density  of  nonradiative  dark  spots  has  the  lowest 
efficiency. 


In  the  case  of  reverse  bias,  emission  spots  originally  from  the 
microplasma  were  observed.  Figure  31  shows  the  reverse  biased  image  of 
the  diode  through  the  infrared  microscope;  Figure  32  shows  the  comparable 
image  produced  by  the  optical  microscope  (visible  range).  Sometimes  the 

■ 
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FIGURE  30.  INJECTION  IR  LUMINESCENCE  DEFECT  ANALYSIS  (AIGa)AsGaAs  SOLAR  CELL 
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FIGURE  32.  EMISSION  SPOTS  ORIGINATING 
FROM  DEFECTS  - REVERSE  BIASED  IMAGE 
OF  (AIGa)  As-GaAs  SOLAR  CELL  IN  OPTICAL 
MICROSCOPE 
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microplasma  emissions  appear  at  positions  where  the  nonradiative  dark 
spots  would  be,  and  these  emission  spots  occur  at  different  reverse  bias 
voltages.  This  shows  that  the  breakdown  voltages  at  some  of  these  positions 
are  higher  than  those  at  other  positions.  It  is  reasonable  to  assume  that  two 
different  types  of  defects  give  rise  to  the  spots  observed  in  the  two  regions 
of  the  spectrum  examined  by  the  infrared  and  optical  microscopes. 

7.  (AlGa)As-GaAs  SOLAR  CELL  PERFORMANCE 

Table  lb  shows  the  performance  of  selected  (AlCia)As-GaAs  solar 
cells.  Observations  include  the  following: 

1)  Dependence  of  Voc  on  n buffer  layer  (Nf))  carrier 
concentration 

2)  Comparatively  low  sensitivity  of  Isc  to  the  buffer  layer 
carrier  concentration  in  the  range  of  4 x 1(W’  to  1 \-  lf)l(>  cm-' 

1)  Influence  of  (AlGa)As  layer  thickness,  I),  on  1 

sc 


Figure  33  shows  the  cur  rent- voltage  relationships  (I- VI  of  these  cells. 
Figure  34  shows  the  spectral  response  of  cell  52o.  The  numbers  in  the 
diagram  give  the  normalized  quantum  efficiency  for  photon  to  electron  con- 
version as  measured  on  a 2 x 2 cm  GaAs  cell  using  light  of  0.6  pm  wave- 
length. The  measurement  is  approximately  5 percent. 


The  excellent  uniformity  of  response  is  indicative  of  the  quality  of 
the  epitaxial  layer.  Measurements  at  other  wavelengths  confirm  the  same 
uniformity  at  all  parts  of  the  solar  spectrum  between  0.4  and  0.  9 pm. 


TABLE  16.  HRl  . GaAs  SOLAR  CELL  CHARACTERISTICS  (JANUARY  1977) 


Cell  No. 

N0  X t017  cm  J 

D,  gm 

1 . mA 
sc 

V , mV 
DC 

i)  (AMO) 

522 

0 04 

0 4 

1 15 

900 

15.9 

0.83 

524 

0.04 

0 4 

116 

900 

16.2 

0 83 

525 

0.04 

04 

116 

900 

15.9 

082 

523 

0.3 

0.4 

1 18 

980 

17.5 

0.82 

| 526 

0 3 

1 

no 

980 

17  2 

0.86  i 

j 527 

0 3 

1 

109 

980 

16  9 

0 85 

529 

0.3 

2 

106 

980 

16.1 

082 

100 

100 

100 

99 

100 

100 

100 

99 

100 

100 

100 

99 

100 

100 

100 

100 

QUANTUM  EFFICIENCY 
AT  0.6  fl  M (SPOT 
MEASUREMENT) 
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FIGURE  34.  SPECTRAL  RESPONSE,  CELL  526 


For  comparison  of  theory  and  experiment  the  measured  values  of 
Isc  from  Table  16  are  shown  with  the  theoretical  curves  of  Figure  35. 

F igure  35  plots  the  measured  and  theoretical  values  of  lsc  as  a function  of 
(AlGa)As  layer  thickness.  The  parameters  used  in  this  calculation  are 
Lp  = 2pm,  W = 0.  14  pm.  xj  = 0.5  pm. 

Figure  36  shows  the  measured  open  circuit  voltage  Voc  as  a function 
of  base  doping  densities  (No).  Each  delta  in  the  plot  represents  tile  best 
measured  Voc  values  for  the  2x2  cm^  (AlGa)As-GaAs  solar  cells.  For  a 
given  doping  density  there  is  some  variation  in  Voc  among  the  cells.  This 
is  due  to  the  differences  in  the  diode  saturation  current.  The  large  satura- 
tion current  will  lower  the  Voc.  The  continuous  line  in  F'igure  36  represents 
the  Voc  calculated  for  n = 1 as  a limiting  case.  Again,  the  higher  doping 
density  reduces  the  diode  saturation  density  I , resulting  in  high  V . 

The  fill  factors  for  these  relatively  deep  junction  (M  pm)  cells, 
shown  in  Table  16,  are  excellent;  their  maximum  value  of  0.86  is  close  to 
the  theoretical  value  of  0.  88. 
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SECTION  VI 


RADIATION  RESISTANCE  STUDIES 


1.  INTRODUCTION 

During  the  last  2 years,  Hughes  has  done  a considerable  amount  of 
work  on  understanding  the  effects  of  electron  radiation  damage  and  proton 
radiation  damage.  This  work  was  accomplished  with  program  funding  supple- 
mented by  IR&D  funds  and  contracts  from  NASA  (NASI -14727)  and  the  Air 
Force  (High  Efficiency  Solar  Panel).  The  results  of  this  work  are  presented 
here  in  summary  form. 

2.  STUDY  SUMMARY 

The  behavior  of  solar  cells  under  radiation  environment  is  of  great 
importance  for  space  application.  Previous  studies  have  shown  (AlGa)As- 
GaAs  solar  cells  to  achieve  an  efficiency  of  18.  5 percent  AMO1^  with  a radi- 
ation resistance  equal  to  or  better  than  that  observed  in  violet  silicon 
cells.  18  We  report  here  the  radiation  effect  on  large-area  (2x2  cm) 
(AlGa)As-GaAs  solar  cells  fabricated  at  HR  L using  the  infinite  melt  liquid 
phase  epitaxial  (LPE)  growth  system. 

GaAs  has  a large  optical  absorption  constant  and  a short  diffusion 
length;  essentially,  all  the  photovoltaic  response  is  close  to  the  GaAs  sur- 
face. The  radiation  damage  beyond  this  active  region  has  a negligible  effect 
on  cell  performance.  Consequently,  the  reduction  in  the  required  minority 
carrier  diffusion  length  and  the  relative  shallowness  of  the  active  region  are 
the  key  factors  that  can  be  exploited  to  make  GaAs  solar  cells  more  radia- 
tion resistant.  Data  consistent  with  these  observations  is  presented  below. 

Experimental 

The  Dynamitron  particle  accelerator  at  JPL  was  used  as  the  electron 
source  for  high-energy  electron  irradiation;  the  irradiations  were  performed 
in  vacuum  at  room  temperature.  The  uniformity  over  the  test  plane  was 
±4  percent  with  no  areas  of  discontinuity.  Fluxes  and  fluences  were  mea- 
sured with  a Faraday  cup  the  current  of  which  was  integrated  to  establish 
electron  fluences  and  to  automatically  stop  the  irradiation  at  the  desired  flu- 
ence  levels. 
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FIGURE  37.  MAXIMUM  POWER  AS  FUNCTION  OF  1 MeV 
ELECTRON  FLUENCE 
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FIGURE  38.  (AIGa)  As  GaAs  SOLAR  CELL  SPECTRAL  RESPONSE  BEFORE  AND  AFTER 
1 MeV  ELECTRON  IRRADIATION 


FIGURE  39.  SHORT  CIRCUIT  CURRENT  DENSITY 
VERSUS  IMeV  ELECTRON  RADIATION  FLUENCE 
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A matrix  of  the  tests  performed  on  the  (AlGa)As-GaAs  solar  cells 
and  on  several  representative  silicon  solar  cells  is  given  in  Table  17. 

Results  and  Discussion 

Electron  Damage 

A group  of  cells  was  fabricated  early  in  this  program  for  electron 
radiation  tests.  These  cells  were  designed  to  have  high  efficiency,  but  no 
attempt  was  made  to  optimize  the  design  parameters  to  increase  radiation 
hardness.  Figure  37  shows  the  maximum  power  obtained  from  the  cells 
plotted  against  1 NleV  electron  radiation  fluence.  These  results  were  then 
compared  with  those  for  two  types  of  silicon  cells,  as  shown  in  Table  17. 

The  comparison  showed  the  need  to  improve  these  early  cells  for  better 
resistance  to  electron  radiation  damage  at  fluences  in  excess  of  4 x 1014e/cm2. 

Figure  38  shows  the  spectral  response  before  and  after  electron 
irradiation.  The  results  show  that  in  these  cells  the  spectral  response  in  the 
short  wavelength  region  shows  greater  damage  than  that  in  the  long  wave- 
length region.  Since  the  optical  absorption  coefficient  is  greater  for  short 
wavelengths,  most  of  the  absorption  in  this  region  will  be  close  to  the  surface 
of  the  cell.  The  photogenerated  carriers,  therefore,  must  travel  further  to 
reach  the  junction  than  do  those  generated  by  longer  wavelengths.  The  spec- 
tral response  of  the  damaged  cells  suggested  that  their  junctions  had  to  be 
relatively  deep  compared  to  the  minority  carrier  diffusion  length  in  the 
damaged  layer  — a suspicion  that  was  confirmed  by  the  measured  junction 
depth  of  >1  pm.  These  observations  occasioned  a more  careful  examination 
of  the  influence  of  junction  depth  on  radiation  damage. 

To  correlate  theory  and  experiments,  Figure  39  shows  the 
(AlGa)As-GaAs  solar  cell  short  circuit  current  density  as  a function  of 


TABLE  17.  ELECTRON  IRRADIATION  TEST  MATRIX 


Electron 

Energy, 

MeV 

Type  and  Number  of  Cells 

Fluence 

e/cm2 

(AIGa)As-GaAs 

Si 

Conventional 

Si  High 
Efficiency 

1:0 

1 x 10>3 

3 

3 

3 

4 x 1014 

3 

3 

3 

1 x 10’5 

3 

3 

3 

5 x 10’5 

3 

3 

3 

1 x 1016 

3 

— - _ 

3 

3 

0.7 

1.9 

1 x 1015 

1 x 1015 

2 

2 

' 
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1 MeV  electron  radiation  fluence.  The  continuous  curve  represents  the 
normalized  experimental  values.  The  dotted  line  is  the  theoretical  curve. 
Both  curves  correspond  to  an  (AlGa)As  layer  thickness  of  1 pm  and  a junc- 
tion depth  of  1 pm.  For  calculating  the  theoretical  curve,  the  minority 
carrier  diffusion  length  L was  related  to  the  fluence  4>  by  the  usual  relation: 

1 1 . „ . 

7T  = “T  + kl*  • (30) 

Lj  Lj 

o 


The  initial  diffusion  lengths  for  holes  (Lpo)  and  electrons  (Lno)  were 
assumed  to  be  2 and  5 pm,  respectively,  in  these  calculations.  The  damage 
constant  for  the  diffusion  length  used  for  both  p-  and  n-type  GaAs  was 

deduced  by  matching  the  theoretical  curve  to  the  experimental  curve  as 
shown  in  Figure  39.  It  was  found  to  be  KL  = 7 x lO-^,  assuming  the  same 
value  of  Kj^  for  the  n-  and  p-doped  GaAs. 

Using  this  value  for  Kl,  the  short-circuit  density  was  calculated  for 
several  junction  depths  as  a function  of  a 1 MeV  electron  fluence  (Figure  40). 
Experimental  results  were  in  close  agreement  with  these  values,  showing 
that  radiation  damage  decreases  as  junction  depth  decreases. 

On  the  basis  of  this  analysis  we  proceeded  to  fabricate  a second  gen- 
eration of  (AlGa)As-GaAs  solar  cells  with  the  goal  of  decreased  sensitivity  to 
the  radiation  environment.  The  window  layer  thickness  was  made  at  0.5  pm 
while  the  junction  depth  was  decreased  to  ~0.  5 pm  by  readjusting  the  LPE 
layer  growth  parameters. 

Figure  41  shows  the  measured  short  circuit  current  of  these  shallower 
junction  cells  versus  1 MeV  electron  fluence.  The  experimentally  observed 
improved  radiation  resistance  is  in  good  agreement  with  the  predictions  of 
the  theory.  Figure  42  shows  the  experimental  results  for  both  (AlGa)As- 
GaAs  solar  cells  and  newly  developed  high  efficiency  Si  solar  cells  as  a 
function  of  1 MeV  electron  irradiation.  Also  shown  for  reference  are  the 
results  for  the  previous  set  of  irradiated  (AlGa)A s-GaA s deep  junction  solar 
cells. 


The  spectral  responses  of  the  deep  junction  and  shallower  junction 
cells,  both  before  and  after  irradiation,  are  given  in  Figure  43.  The  figure 
shows  that  the  radiation  damage  in  the  deeper  junction  cells  is  concentrated 
in  the  short  wavelength  region,  whereas  the  shallower  junction  causes  the 
damage  to  shift  to  the  longer  wavelength.  This  is  consistent  with  our 
observation  that  the  collection  of  minority  carriers  in  the  p region  is  not 
much  affected  up  to  the  fluence  at  which  the  electron  diffusion  length  is 
reduced  to  less  than  the  p layer  thickness. 
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FIGURE  42.  MAXIMUM  OUTPUT  POWER  VERSUS 
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FIGURE  43.  (AIGa)  As-GaAs  SOLAR  CELL  SPECTRAL  RESPONSE  VERSUS  1 MeV  ELECTRON  RADIATION 


I 


80309  57 


Figure  44  shows  the  spectral  response  of  the  shallower  junction 
solar  cells  irradiated  at  fluences  1 x 10^  e/cm^  with  electron  energies 
varying  from  0.7  to  1.9  MeV.  As  expected  at  higher  energies,  these  cells 
show  more  degradation,  probably  because  Kl  increases  with  increasing 
electron  energy.  Figure  45  shows  typical  dark  1-V  characteristics  before 
and  after  electron  irradiation.  Although  solar  cells  become  more  leaky 
after  irradiation,  the  basic  transport  mechanism  remains  the  same  (as 
shown  by  the  l-V  curves,  which  remain  parallel  to  each  other).  This 
increased  leakage  current  probably  results  from  an  increase  in  the  number 
of  recombination  centers  at  the  junction. 

Radiation  Annealing  Studies 

GaAs  solar  cells  damaged  by  radiation  recover  their  efficiency  when 
annealed  at  low  temperatures  on  the  order  of  200°C  to  300°C.  19,20  Some 
preliminary  thermal  annealing  experiments  on  the  radiation-damaged 
(AlGa)As-GaAs  solar  cells  were  performed  in  the  URL  laboratory.  The 
1 cells  were  irradiated  at  fluences  of  1 x 1015  e/cm^  with  electron  energies 

varying  from  0.7  MeV  through  1.0  MeV  to  1 . 9 MeV.  Subsequently,  they 
were  annealed  in  vacuum  at  temperatures  of  over  200°C.  Figure  46  shows 
the  effect  of  annealing  as  a function  of  annealing  time  and  temperatures. 


Figure  47  compares  the  spectral  response  of  these  cells  after  the 
annealing  step  with  the  spectral  response  before  and  after  electron  irradia- 
tion. The  long  wavelength  region  shows  significant  recovery.  This  suggests 
that  the  annealing  leads  to  a significant  recovery  in  the  minority  carrier 
diffusion  length  in  GaAs  after  radiation  damage. 

Figure  48  shows  the  dark  I-V  characteristics  of  these  cells.  These 
cells  show  leaky  p-n  junctions  after  irradiation;  however,  they  almost  com- 
pletely recover  to  their  pre- ir radiation  condition  after  annealing  at  210°C. 

These  results  indicate  that  (AlGa)As-GaAs  solar  cells  can  be  annealed  at 
practical  temperatures  to  remove  radiation  damage,  a fact  that  could  be 
exploited  for  longer  space  missions. 

Conclusion 

The  Hughes  studies  clearly  demonstrate  that,  in  addition  to  having  a 
higher  absolute  efficiency  than  silicon  cells,  GaAs  cells  also  have  superior 
radiation  resistance— a superiority  that  results  in  less  performance  degradation 
from  beginning  of  life  to  end  of  life.  The  studies  also  show  that  the  liquid  phase 
epitaxial  growth  method  can  be  successfully  used  to  grow  large  area  epitaxial 
layers  suitable  for  fabricating  solar  cells  with  reproducible  parameters  nec- 
essary for  further  refinements  that  could  yield  AMO  efficiences  in  excess  of 
18  percent  beginning  of  life.  Reduction  of  junction  depth  to  -0.  2 to  0.  3 pm 
should  lead  to  further  reduction  in  radiation  damage. 
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FIGURE  44.  SHALLOW  JUNCTION  CELL  SPECTRAL 
RESPONSE  FOR  SEVERAL  ELECTRON  ENERGIES 


FIGURE  45.  DARK  l-V  CHARACTERISTICS 
BEFORE  AND  AFTER  ELECTRON 
IRRADIATION 
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SECTION  VII 

THERMAL  CYCLING,  HUMIDITY,  AND  TAPE  PEEL  TESTS 
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1.  THERMAL  CYCLING  TESTS 

Five  cells  were  subjected  to  thermal  cycling  in  conformity  with  the 
contractual  requirement.  The  thermal  cycles  were  from  -195°C  to  110°C 
with  a cooling  rate  of  ~100°C/min  such  that  the  entire  cycle  took  place  in 
about  6 minutes.  The  cells  were  subjected  to  100  cycles  while  the  cell  tem- 
perature was  monitored  by  a thermocouple.  The  cells  successfully  survived 
the  tests,  displaying  no  evident  problems  in  electrical  characteristics,  as 
seen  from  Figure  49,  although  one  cell  was  slightly  damaged  during 
handling. 

Independently  of  these  cycling  tests,  cells  were  subjected  to  tem- 
peratures up  to  250°C  for  several  hours  during  the  thermal  annealing  of 
radiation  damaged  cells  conducted  at  URL  (see  Section  VI).  After  up  to  20 
hours  at  this  temperature,  these  cells  displayed  no  apparent  degradation. 
Using  the  same  equipment  used  in  the  annealing  studies,  we  subjected  a 
number  of  cells  to  thermal  cycles  from  - 1 80°C  (liquid  N,  temperature)  to 
250°C  without  causing  any  degradation  to  the  majority  of  them.  Some  cells 
showed  evidence  of  contact  loosening  under  these  tests;  this  effect  was 
traced  to  lack  of  proper  contact  adhesion  in  some  stage  of  cell  processing. 

As  our  contacting  techniques  have  improved,  the  incidence  of  peeling  has 
lessened  considerably.  The  problem,  at  least  in  part,  was  a result  of  the 
way  cell  fabrication  had  to  be  carried  out  in  the  laboratory.  Often  cells  had 
to  wait,  after  LPE  growth,  for  periods  of  days  before  the  contacting  opera- 
tion could  begin.  This  delay  caused  either  a slight  oxidation  or  contamination 
of  the  surface.  It  is  extremely  difficult  to  clean  the  surface  of  (AlGa)As 
because  of  its  high  reactivity,  especially  when  extremely  thin  window  layers 
are  involved.  When  the  cells  are  processed  without  undue  delay  or  when 
sufficient  precaution  is  taken  to  minimize  oxidation,  routine  sputter-cleaning 
prior  to  contacting  suffices  to  resolve  the  adhesion  problem,  as  the  marked 
improvement  seen  in  our  latest  cells  clearly  demonstrates.  The  addition 
of  some  fluxing  metal  such  as  Cr  or  Ti  prior  to  Au-Zn  contacting  may  be 
another  way  of  improving  the  surface  cleaning  of  the  cell.  It  is  noteworthly 
that  the  silicon  solar  cell  contacts  were  developed  using  a similar  procedure. 
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FIGURE  49.  PHOTO  l-V  CHARACTERISTICS  BEFORE  AND  AFTER  THERMAL  CYCLING  TEST 
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FIGURE  49. (CONTINUED).  PHOTO  l-V  CHARACTERISTICS 
BEFORE  AND  AFTER  THERMAL  CYCLING  TEST 
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l.  HUMIDITY  TEST 

Six  cells  with  cover  glasses  were  tested  at  a minimum  temperature 
of  45°C  and  a relative  humidity  of  at  least  90  percent  for  a period  of  10  days. 
As  shown  in  Table  18,  four  of  the  cells  exhibited  negligible  power  degra- 
dation. Only  two  degraded  significantly  due  to  an  opaque,  white  growth 
under  the  cover  glass  which  initiated  at  the  edge  and  progressed  over  the 
upper  cell  surface.  The  cause  was  traced  to  a processing  step.  Roth  these 
cells  had  been  etched  using  hydrofluoric  acid  solution  as  a cleaning  step. 
Apparently,  a subsequent  cleaning  using  deionized  water  was  inadequate  and 
left  some  absorbed  fluoride  ions  on  the  surface  that  were  activated  during 
the  humidity  cycling.  Such  behavior  has  been  observed  in  silicon  cells  as 
well. 


For  completeness,  electrical  characteristics  of  all  six  cells  are 
shown  in  Figure  50.  In  addition,  significant  parameters  are  presented  in 
Table  18.  In  the  latter,  before  (B)  and  after  (A)  values  of  Voc,  power  at  a 
specific  voltage  (775  mV)  and  Isc  are  compared.  In  addition,  percentages  of 
degradation  are  tabulated.  Finally,  two  sets  of  average  figures,  with  and 
without  values  for  the  two  failed  cells,  are  calculated.  Significantly,  if  the 
two  degraded  cells  can  be  ignored  (since  failure  was  not  due  to  an  inherent 
materials  limitation  of  the  cell),  average  degradation  of  the  remaining  cells 
fell  well  within  acceptable  levels. 


3.  TAPE  PEEL  TESTS 

The  tape  peel  tests  we  conducted  confirm  the  argument  of  the 
preceding  paragraph.  Under  the  best  conditions,  when  oxide  formation  was 
minimized  and  cell  processing  was  expeditious,  contacts  to  both  n and  p 
sides  of  the  cell  proved  to  be  mechanically  strong.  However,  when  there 
were  areas  on  the  surface  of  the  cell  that  were  not  clean  and  free  of  oxide, 
the  tape  peel  test  resulted  in  contact  pull-off.  Both  visual  contact  appearance 
and  peel  test  results  improved  considerably  during  the  course  of  testing.  It 
was  found  that  this  was  directly  related  to  increased  sealing  of  the  annealing 
furnace. 


TABLE  18.  ELECTRICAL  PARAMETERS  BEFORE  AND  AFTER  HUMIDITY  TEST 


Cell  10 

V0c  « 
mV 
(B) 

i 

AVoc. 

% 

pv=775. 

mW 

(B) 

pv-775. 

mW 

(A) 

^pv-775. 

% 

•«4- 

mA 

(B) 

•sc. 

mA 

(A) 

<1 

1 

944 

1000.0 

990.4 

096 

78.28 

74.87 

4.36 

108  0 

105.9 

1.94 

879 

980  8 

838  4 

•14.52 

78.90 

14.49 

81.63 

108.0 

74.0 

-31.48 

962 

996  2 

987.2 

0.80 

79.67 

75.95 

•4.66 

110  4 

105  9 

-4.08 

971 

10096 

979.2 

3.01 

79.83 

0 

100.00 

1150 

29  1 

74.70 

877 

1004.8 

1003.2 

0.16 

78.59 

78.59 

0 

107.2 

107.8 

+0.56 

941 

974  4 

982  4 

+0.82 

79.67 

79.67 

0 

106  8 

109.0 

+018 

Average  1 

994  1 

963.5 

3.08 

79.16 

53.93 

•31.87 

109.6 

886 

19.16 

Average  2* 

993  6 

990.8 

0.28 

79.05 

77,27 

2.26 

1086 

107  2 

1 29 

'Average  2 disregard*  cells  879  and  971. 

Nose  Accuracy  of  values  using  the  simulator  is  * 10% 
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The  Au-Ge-Ni-Ag  n-type  contact  has  been  successfully  used  for 
soldering  as  well  as  to  mount  on  metallic  blocks  (generally  Mo).  The 
integrity  of  these  contacts  is  therefore  deemed  acceptable.  The  p-type  con- 
tact (AuZn-Ag),  however,  remains  imperfect.  A weak  adhesion  is  observed 
in  random  spots  on  the  (AlGa)As.  In  many  instances  these  spots  can  be 
traced  to  surface  defects  arising  either  from  oxidation,  as  noted  above,  or 
from  contamination.  In  other  cases  they  can  be  traced  to  fine  submicron 
gallium  particles  left  on  the  surface  when  the  layer  is  pulled  out  of  the 
growth  system.  When  these  are  removed  by  mechanical  abrasion,  they  seem 
to  leave  a tail  on  the  surface,  and  wherever  tailing  occurs,  contact  problems 
result.  Some  of  the  oxide  problems  are  apparently  caused  by  such  tailing. 

We  have  developed  cleaning  methods  that  minimize  tailing,  and  in  our  latest 
cells  the  improvement  in  adhesion  between  the  contact  and  ttie  surface  has 
been  remarkable. 


As  a result  of  these  studies,  we  believe  that  the  contacts  can  be  made 
sufficiently  strong  to  pass  the  tape  peel  test.  However,  in  the  laboratory 
environment  it  will  be  difficult  to  establish  the  operating  conditions  necessary 
to  ensure  complete  reproducibility  for  cell  contacts  until  the  volume  of  cells 
warrants  the  setting  up  of  a fabrication  facility  to  handle  the  cells  on  a small 
pilot  line  basis. 
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SECTION  VIII 
WELDING  STUDIES 


GaAs  cells  fabricated  at  HR  L were  sent  to  the  Space  and 
Communications  Group  for  attaching  permanent  interconnects  to  both  the  top 
and  bottom  metallized  contacts  using  SCG's  recently  developed  ultrasonic 
seam  welder.  Five  such  completed  cells,  with  tabs  of  the  maximum 
mechanical  pull  strength  possible  using  optimum  present  technology,  were 
to  be  processed.  Optimum  present  technology  involves  not  only  the  capa- 
bility of  the  seam  welding  machine  but  also  the  latest  contact  metallizations 
of  the  cell,  as  well  as  cleaning  and  handling  techniques.  To  accomplish  such 
fabrication  economically,  extensive  preliminary  research  was  directed 
toward,  first.  Si  and  then  to  GaAs  practice  cells. 

1.  REQUIREMENT 

GaAs  cells  fabricated  at  the  Malibu  facility  were  sent  to  the  SCG 
Solar  Panel  Laboratory  for  the  bonding  of  permanent  leads  or  tabs  to  both 
the  top  and  bottom  metallized  contacts  using  the  ultrasonic  seam  welder 
apparatus. 

The  facility  in  producing  repeatable,  reliable  welds  is  not  constant 
but  instead  depends  heavily  on  the  particular  conditions  of  the  system  to  be 
welded.  For  example,  the  ability  to  weld  thick  Mo  to  polished  sapphire  will 
differ  considerably  from  bonding  Au  leaf  to  severely  abraded  graphite.  Thus, 
weldability  is  a function  of,  among  aother  things,  substrate  material,  compo- 
nent surface  conditions,  contact/tab  composition,  and  cross-sectional  geom- 
etry, in  addition  to  sensitive  equipment  controls  and  operation  techniques. 
Because  of  this,  a brief  review  of  cell  characteristics,  tab  characteristics, 
welding  apparatus,  and  bonding  procedure  is  in  order. 


2.  CELL  CHARACTERISTICS 

The  solar  cells  to  be  bonded  were  2x2  cm  x 1-1  mil  devices 

formed  by  growing  two  GaAs  epilayers  onto  an  n'  bulk  substrate  doped  to 

1 x 18*2 * * 5*  cm"*.  The  first  of  these  layers  was  n-type  (1  x 1 0 1 ^ em'*l  and 
between  IS  to  20  microns  in  depth.  The  topmost  epilayer  was  p-type 
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(AlGa)As  (1  x 10  cm  ) and  only  0.  1 to  1 . 0 micron.  Onto  this  latter 
surface  was  deposited  an  upper  multimetal  contact  and  grid  pattern  consist- 
ing of  250  A of  sputtered  Zn-Au  alloy  superimposed  with  5.  Op  (±2.  Op)  of 
evaporated  Ag.  The  grid  pattern  consisted  of  24  evenly  spaced  lines  taper- 
ing from  3.  00  to  0.  75  mil,  all  of  which  were  joined  to  a 2 cm  by  28  mil  bus 
bar  which  in  all  cases  was  approximately  33  percent  obstructed  along  its 
length  by  the  12  mil  cover  glass  attached  at  a later  stage  of  fabrication.  The 
lower  contact  was  formed  over  the  entire  bulk  substrate  by  a 2000  A.  deposi- 
tion of  simultaneously  evaporated  Au-Ge-Ni  followed  by  5.  Op  (±2.  Op)  of 
evaporated  Ag. 
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3.  TAB  CHARACTERISTICS 

Tabs  were  constructed  from  99.99  percent  Ag  foil  1.0  mil  thick. 
Units  prepared  for  welding  were  made  up  of  six  tabs,  each  originally  con- 
nected as  shown  in  Figure  51.  Welds  were  made  by  placing  the  fingers  over 
the  solar  cell  contact  and  running  the  wheel  from  A to  A'.  The  foil  was  then 
cut  along  the  dashed  lines  and  individually  separated  following  the  welding 
operation.  Thus,  attached  to  the  completed  cell  were  12  independent  tabs 
each  approximately  1.1  x 6.  5 mm^  in  area. 


4.  WELDING  APPARATUS 

A simplified  block  schematic  of  the  ultrasonic  seam  welder  and 
supporting  equipment  is  shown  in  Figure  52  (the  horizontal  plane  is  the  sur- 
face of  the  figure;  the  vertical  direction  is  into  the  diagram).  Here  the 
welding  tool  is  0.  71  inch  diameter  wheel  machined  from  drill  rod  and  attached 
to  a 6 inch  long  tapered  horn  rigidly  connected  to  a magnetostrictive  (ferro- 
magnetic) transducer.  This  entire  unit  is  spring  mounted  to  a block  in  such 
a way  that  the  spring  tension  and  thereby  the  contact  force  Fc  of  the  wheel 
against  the  device  can  be  increased  or  decreased  in  the  vertical  direction  by 
means  of  set  screws  (not  shown).  The  block,  in  turn,  can  be  motor  driven 
along  a track  in  the  horizontal  plane  at  various  speeds. 

The  transducer  is  controlled  by  a UTI  Power  Logicon  (Model  40C) 
equipped  with  both  power  and  tuning  adjustments.  Relative  scales  associated 
with  each  ensures  reproducibility  of  settings.  Tuning  is  further  facilitated 
using  an  HP  oscilloscope  (Model  122AR)  displaying  a Lissajous  pattern  result- 
ing from  simultaneously  monitoring  the  current  and  voltage  through  the 
transducer. 

The  vacuum  stage  supports  both  the  solar  cell  and  tabs  during  weld- 
ing while  the  calibration  stage  is  used  to  determine  the  contact  force  Fc  of 
the  wheel  by  means  of  a simple  switch  circuit. 
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5.  BONDING  PROCEDURE 


Preliminary  Operations 

The  first  step  toward  producing  repeatably  reliable  bonds  entails 
preliminary  trial  and  error  test  operations  involving  sensitive  adjustment 
of  equipment  and  techniques  in  order  to  determine  the  proper  settings  for  the 
pa rticula t substrate/contact/tab  system  to  be  welded.  At  this  stage  a mini- 
mum of  four  parameters  are  of  significance.  Notably,  all  address  them- 
selves to  the  amount  and  mode  of  energy  delivery  to  the  interface  between 
the  tab  and  the  contact  surface  of  the  cell: 

1)  l c,  contact  force  — This  force  is  that  which  the  weld  wheel 
exerts  upon  the  tab/ cell  combination  during  welding.  In  the  past  it  was 
determined  by  positioning  the  wheel  upon  the  calibration  stage  which  closed  a 
circuit  so  that  an  indicator  light  was  illuminated.  A wire  was  looped  around 
the  horn  and  attached  to  a pull  gauge  and  the  wheel  was  lifted  the  minimal 
amount  required  to  effect  open  circuit.  A more  direct  method  involved  a 
two-handed  procedure  in  which  the  wheel  was  repositioned  upon  the  vacuum 
stage  and  a piece  of  paper  was  inserted  in  between.  The  wheel  was  then 
gauge  lifted  with  one  hand  until  the  paper  could  be  barely  slipped  away  with 
the  other.  In  either  case  Fc  was  capable  of  being  adjusted  through  a ranee 
from  zero  to  well  over  450  grams. 

2)  P,  relative  power  output  of  the  UTI  source  - This  instrument 
converts  60  Hz  to  60,000  Hz  which,  in  turn,  is  introduced  to  the  coil  around 
the  ferromagnetic  core  - the  heart  of  the  transducer.  This  core  is  magneto- 
strictive:  its  physical  dimensions  (length)  vary  in  response  to  the  changes 
in  the  surrounding  magnetic  field.  Thus,  the  60,000  Hz  electromagnetic 
waves  are  converted  to  60,000  Hz  mechanical  oscillations  forcing  the  wheel 
to  vibrate  horizontally.  Thus,  an  adjustment  in  the  amplitude  of  t he  elect  ro- 
niaSnE>tic  wave  translates  into  a change  in  energy  delivered  to  the  weld. 

Power  is  repeatable  due  to  the  unitless  scale  provided  on  the  source. 

3)  T,  tuning  of  the  UTI  source  - A 60.  000  Hz  mechanical  wave 
travels  down  the  6 inch  horn  and  is  delivered  to  the  wheel  and,  ultimately, 
the  weld.  For  maximum  energy  level  and  minimum  feedback  vibrations  the 
amplitude  of  the  mechanical  wave  must  be  at  its  maximum  at  the  tab-contact 
interface.  If  it  is  not,  the  wheel  will  be  oscillating  partly  in  response  to  the 
inducing  60,000  Hz  magnetic  signal  and  partly  in  response  to  reflected 
mechanical  vibrations,  causing  a destructive  (feedback)  electrical  impedance 
in  the  coil  indicated  by  a phase  shift  in  its  current  and  voltage.  Tuning 
alters  slightly  the  frequency  of  the  electrical  signal  and  thereby  the 
mechanical  oscillations.  This  maximizes  energy  delivery  to  the  wheel  by 
matching  the  resonant  frequency  of  the  horn/wheel  assembly.  It  is  measured 
in  relative,  unitless  values  by  a meter  directly  monitoring  coil  impedance. 

4)  V,  velocity  of  the  wheel  during  the  welding  operation  - Obviously, 
the  longer  the  wheel  rests  on  any  given  area  of  the  weld,  the  more  energy 
delivered  to  that  area.  If  too  great  a velocity  is  used,  then  the  energy  im- 
parted is  too  little  to  cause  proper  deformation  and  adhesion;  too  slow  a 
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velocity,  and  the  wheel  abrades  through  the  metals  and  even  the  cell  itself. 
Velocity  is  adjusted  reproducibly  using,  again,  a relative  but  scaled  control. 
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Determination  of  F 
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An  immediate  concern  was  lack  of  adequate  control  of  Fc.  Neither 
of  the  two  former  methods  of  determining  this  setting  was  acceptable  since 
resulting  values  often  differed  by  over  100  grams.  Significantly,  measure- 
ments from  neither  were  found  to  repeatably  and  accurately  pinpoint  the  true 
force  of  the  real  case  situation.  Therefore,  a simple  indicator  device  was 
constructed  similar  to  the  one  connected  to  the  calibration  stage  but  designed 
to  measure  the  force  of  the  wheel  on  the  actual  solar  cell  mounted  on  the 
vacuum  stage  itself.  By  means  of  this  technique,  the  contact  force  was 
easily  repeatable  to  within  ±10  grams. 


6.  TAB  PULL  TESTS 


After  welding,  tabs  were  separated  and  individually  tested  using  the 
Unitek  Micropull  Tester  (Model  6-092-03).  Cells  and  each  of  their  tabs  were 
indexed  for  future  reference  and  saved  for  possible  further  experimentation. 
In  addition  to  an  identification  number  and  the  pull  force  (in  pounds),  the 
weld  condition  and  that  of  the  metal  area  beneath  the  weld  (after  pulling) 
were  tabulated  for  each  cell.  An  explanation  of  the  codes  adopted  and  their 
significance  is  as  follows: 


1)  Weld  condition 

a)  AO—  Already  off.  The  weld  was  a total  failure  in  that 

the  tab  did  not  adhere  and  was  not  available  for 
pulling.  AO  always  implies  a pull  force  of  zero. 

b)  TO—  Tab  off.  During  testing,  the  entire  tab  (the  parts 

on  both  sides  of  the  weld  area)  became  totally 
dislodged.  TO  indicates  a successful  weld  only 
for  pulls  > 0.56  pound.  For  strengths  less  than 
this,  TO  implies: 

(1)  Weld  failure  — if  the  metal  under  the  weld 
area  is  completely  intact  (OK). 

(2)  Metal  failure  — if  the  metal  under  the  weld 
area  is  less  than  completely  intact  (NG). 

c)  BAW  — Broke  at  weld.  During  testing  the  tab  broke  at 

the  weld  so  that  tne  pulled  section  was  removed 
while  the  other  portion  remained.  BAW  indicates 
a successful  weld  only  for  pulls  2 0.  56  pound. 
For  strengths  less  than  this,  BAW  implies  a 
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weld  failure,  most  likely  due  to  excessive  wheel 
force  causing  extraordinary  deformation  of  the 
metals . 

d)  TB—  Tab  broke.  During  testing  the  tab  itself  broke. 

This  may  happen  either  because  the  weld  was 
excessively  strong  or  there  was  a defect  in 
the  tab  before  pulling.  Therefore,  by  means  of 
the  associated  pull  force,  TB  can  indicate  an 
exceptionally  good  weld.  On  the  other  hand  it  can 
never  imply  anything  negative  about  the  weld  or 
metal  conditions. 

2)  Metal  condition 

a)  OK—  Alter  testing  there  was  no  visual  evidence  of  any 

damage  to  the  contact  metallization  of  the  cell.  Thus, 
all  metal  layers  are  intact  and  nothing  was  removed 
by  means  of  adhesion  to  the  tab.  Observation  OK  in 
the  metal  column  does  not  in  itself  indicate  an  accept- 
able weld  if  pull  force  is  < 0.  5o  pound. 

b)  NG  Alter  testing  there  was  visual  evidence  that  part  or 

all  of  the  metal  contact  was  removed  by  the  tab.  Even 
though  NG  records  metal  damage,  pull  force  may  still 
indicate  an  acceptable  weld  if  2:  0.  5o  pound. 

7.  STUDY  RESULTS 
Silicon  Cells 

Using  the  method  described  above  to  measure  Fc,  the  following 
optimum  values  were  determined  for  silicon  cells: 


F = 200  grams 
c b 


P = 6.0 


V = 35 


T = 0. 80 
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However,  regardless  of  whether  these  or  other  settings  were  chosen,  weld- 
ing was  less  than  reliable  in  the  sense  that  with  the  same  cell  some  tabs  far 
exceeded  minimum  requirements  (>0.56  pound)  while  others  failed.  Table  19 
presents  typical  results  in  which  pull  strengths  ranged  from  0.40  to 
0.  90  pound.  Such  a spread  can  be  taken  to  indicate  localized  differences  in 
the  solar  cell  contact  metallization.  Significantly,  with  all  silicon  cells, 
all  failures  involved  the  welds  themselves.  In  no  case  was  there  a loss  of 
integrity  in  the  device's  metallization  under  and  around  the  weld  areas. 


GaAs  Cells 


On  the  basis  of  the  results  obtained  for  silicon  cells,  a number  of 
GaAs  cells  were  subjected  to  welding  studies  to  determine  optimum  welding 
conditions.  The  parameters  finally  chosen  were  the  following: 


F = 260  grams 
c 

P = 8.0 

V = 35 

T = 0.49 

TABLE  19.  TAB  PULL  RESULTS  FOR  SILICON  SOLAR  CELL  S101 


Fc 
• P 

V 

T 

= 200  gm 

= 6.0 

= 35 

= 0.80 

Front  Contact 

Back  Contact 

Tab 

No. 

Pull 

Force, 

lb 

Weld 

Condition 

Metal 

Condition 

Tab 

No. 

Pull 

Force, 

lb 

Weld 

Condition 

Metal 

Condition 

! i 

0.90 

TB 

OK 

1 

0.75 

BAW 

OK 

2 

0.70 

TO 

OK 

2 

0.60 

TO 

OK 

3 

0.40 

TO 

OK 

3 

0.25 

TO 

OK 

4 

0.50 

TO 

OK 

4 

0.25 

TO 

OK 

5 

0.95 

TO 

OK 

5 

0.25 

TO 

OK 

6 

0.40 

TO 

OK 

6 

0.10 

TO 

OK 
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Tables  20  through  23  show  the  tab  pull  results  for  the  GaAs  solar  cells 
tested.  In  general,  it  can  be  seen  that  welds  to  the  front  contacts  were  rela- 
tively successful.  For  the  most  part  pull  strengths  exceeded  0.56  pound, 
regardless  of  the  subsequent  metal  condition.  On  the  other  hand,  back  con- 
tact strengths  were  less  consistently  good,  but  low  pull  strengths  were  often 
attributed  to  poor  adhesion  of  the  metallization  to  the  GaAs  substrate  rather 
than  to  inherent  failure  of  the  weld  itself.  However,  in  later  cells,  the 
adhesion  of  the  back  cells  improved  significantly.  As  a result,  it  is  believed 
that  with  proper  controls,  ultrasonic  welds  can  be  successfully  accomplished 
to  GaAs  cells  with  silver  metallization. 


TABLE  20.  TAB  PULL  RESULTS  FOR  GaAs  SOLAR  CELL  2M928 


Fc  = 

260  gm 

P 

8.0 

V 

35 

T 

1 

0.49 

Back  Contact 


TABLE  23.  TAB  PULL  RESULTS  FOR  GaAs  CELL  1E1021A 


SUCTION  IX 


CONCLUSIONS 


The  study  demonstrated  the  feasibility  of  fabricating  GaAs  cells 
using  the  flushes  infinite  melt  technique.  Cells  thus  fabricated  exhibit 
marked  reproducibility  in  short  circuit  current  and  open  circuit  voltage. 
Midway  through  the  program,  17.  h percent  efficiency  at  AMO  was  achieved 
for  the  cells.  With  reduction  in  funding  and  the  attendant  necessity  of 
reevaluating  program  goals,  the  decision  was  made  to  concentrate  on 
increasing  radiation  resistance  and  cell  performance  reproducibility.  In 
subsequent  work,  AMO  efficiencies  in  the  17  percent  range  were  again 
achieved,  and  improvements  were  made  in  contact  integrity,  cell  reproduci- 
bility, and  process  control.  Open  circuit  voltages  are  consistently  above 
1 volt,  and  short  circuit  currents  are  above  110  mA. 

f urther  work  is  now  required  on  packaging  techniques,  the  next  step 
in  this  direction  being  fabrication  of  Cm  As  cells  on  a pilot  line  basis  in  prep- 
aration for  their  large  scale  production.  Results  have  established  the 
advantages  of  the  GaAs  cell  over  silicon  and  its  reproducibility  in 
fabrication. 
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